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Chapter 1. General Introduction 
 
 “The soil is the one indestructible, immutable asset that the nation possesses.  It is 
the one resource that cannot be exhausted, cannot be used up.  It may be impaired by 
abuse but never destroyed.”  This was the view of Milton Whitney and the Federal 
Bureau of Soils in 1909 (as reported in Anderson, 1913).  Fascinatingly, in some ways, 
our view of the nature of soil has not changed over the last 101 years.  We still largely 
think of it as an immutable asset.  We concede it can be damaged but, at least, pedologists 
in the USA do not really study soil as if it is exhaustable.  Yes, the Natural Resource 
Conservation Service (NRCS), the current incarnation of the Federal Bureau of Soils, 
realizes, now, that soils are more tenuous than they once claimed.  However, much of 
pedological theory and the premises of soil classification continue to be undergirded by 
this century-old idea that soil is relatively indestructible and that soils will not 
fundamentally change over human time scales.  These ideas are perhaps most strongly 
held in the land-grant universities as evidenced by soil curricula that rarely offer courses 
on soil change, urban soils, or even soil-watershed relationships.  Courses such as those 
have been left to other institutions to develop. 
With my dissertation research, I strive to examine the potential for soils to change 
with agricultural land use over human time scales.  My basic goal has been testing the 
following hypothesis: 
Ho: After 50 years of agricultural land use, soil has changed insignificantly. 
H1: After 50 years of agricultural land use, soil has changed significantly. 
I test this hypothesis by sampling and describing 82 “representative pedons” from 21 
counties in Iowa that were originally sampled and described between 1943 and 1963 by 
the National Cooperative Soil Survey (Figure 1.2).  Nearly all of the sites sampled were 
in row crop production for the majority of the time period between sampling dates.   The 
changes in soil properties over that time are presented in Chapter 2.  From the data 
presented in Chapter 2, I have developed a model of anthropedogenesis (Chapter 3), 
which synthesizes the soil forming processes that humans influence with agricultural land 
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use.  In Chapter 4, I estimate erosion rates.  And Chapter 5 evaluates how the integration 
of the changes in discrete soil properties has resulted in a change in soil classification in 
three taxonomic systems. 
 
Figure 1.1. Word cloud showing most common words used in this dissertation.  The larger 
the word the more commonly it was used. (Courtesy www.wordle.net.) 
3 
 
Figure 1.2. Iowa counties with sites sampled across landform regions (original map from 
Landforms of Iowa Prior, 1991). 
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Chapter 2. Soil changes after 50 years of agricultural land use: a 
pedological analysis 
 
Jessica J. Veenstra and C. Lee Burras 
 
A paper for submission to Journal TBD 
Abstract 
 Many scientists have studied agricultural soil change. Most of these studies focus 
on changes in the surface 0 to 30 cm soil.  In this study, we assess agricultural soil change 
to a depth of 150 cm by comparing current descriptions and laboratory data to historically 
described sites under predominantly row-crop agriculture in Iowa, United States. In the 
surface 0 to 45 cm of soil, we found degradation of soil structure, loss of organic matter, 
lower cation exchange capacity and lower pH.  When we look at the whole soil profile 
(sampled to 150 cm) the story becomes more complete and interesting.  For example, 
organic C is moving deeper in the soil profile.  This results in modern pedons that have 
an overall accumulation of organic C relative to their originally sampled counterparts, 
even though epipedons today contain less organic C than they did in 1959.  Likewise, 
grey redoximorphic features are found deeper in the profile. This reveals a deepening of 
the water table, suggesting a statewide lowering of base level. 
Introduction 
Many studies have quantified changes in soils resulting from agriculture. Most 
have found lower C, N and organic matter content, higher bulk density, lower infiltration 
and porosity, changes in aggregation, and acidification (Anderson and Browning, 1949; 
Barak et al., 1997; Barnes et al., 1971; Bouma and Hole, 1971; Bouman et al., 1995; 
Coote and Ramsey, 1983; David et al., 2009; Davies et al., 1972; Greenland, 1977; 
Jenkinson, 1991; Johnston, 1986; Kashirad et al., 1967; Khan et al., 2007; Mann, 1985; 
Mann, 1986; Martel and Mackenzie, 1980; Meints and Peterson, 1977; Mulvaney et al., 
2009; Pidgeon and Soane, 1978; Sandor and Eash, 1991; Skidmore et al., 1975; van 
Bavel and Schaller, 1950; Van Cleve and Moore, 1978).  However, a few studies have 
documented increases in organic matter, lower bulk density and reduced acidity (Coote 
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and Ramsey, 1983; DeClerck et al., 2003; Mann, 1986; Richter and Markewitz, 2001; 
Sandor and Eash, 1991). Rarely do the scientists that make these comparisons report on 
any properties deeper than 30 to 45 cm in the profile.  With this study, we evaluate soil 
transformation to a depth of 150 cm after 50 years of intensive row-crop agricultural land 
use in a temperate, humid, continental climate (Iowa, United States).  
Materials and Methods 
Study Area 
The climate in Iowa is continental with a mean annual air temperature of 7 to 11º 
C. The frost-free period is 165 to 200 days long.  The average annual precipitation is 66 
to 90 cm, and much of the precipitation falls from April to September with snow usually 
covering the ground from December to March (NRCS, 2010; Wendland et al., 1992). 
European-style agriculture began in this region between 1850 and 1870 
(Thompson, 1989).  Thus, most of this area has been farmed for more than 140 years.  
Currently, land use in this region continues to be primarily agricultural, with corn, Zea 
mays, and soybean, Glycine max, as the major crops, while alfalfa, Medicago sativa, oats, 
Avena sativa and wheat Triticum aestivum are minor crops.  Seventy-four percent of the 
total land area of the state is used for row crop agriculture, 14% is in pastureland, federal 
land or conservation reserve, 4% in woodland, and the remaining 8% consists of urban 
areas and water bodies (Miller, 2010). 
Historical Database of Soil Properties  
 The National Cooperative Soil Survey has been surveying and cataloging soils 
data from across the nation since 1899.  Soils across the country have been mapped and 
classified to the soil series level according to USDA soil taxonomy (Soil Survey Staff, 
1999).  Soil series is the most specific category in US Soil Taxonomy; it is essentially the 
soil taxonomic equivalent to “species” in biological taxonomy.  For each soil series that 
is present in each county in the US there is a “type location”, a specific location that is 
considered the representative example of that particular series in that county.  For these 
sites, there is a database of soil information with data from Iowa that was collected from 
1943 to 1963 with a median sampling date of 1959 (SCS, 1966; SCS, 1978).  Because 
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these data are linked to specific public land survey system locations, using ArcGIS, GPS 
and 1930’s aerial photos, we were able to relocate the original sites and sample them 
again.     
Soil Sampling 
Eighty-two representative pedons, representing 46 soil series, were sampled in 21 
counties across Iowa (Figure 1.2) to a depth of 150 cm using a truck-mounted hydraulic 
soil sampler (Gidding’s Machine Company, Windsor, CO) fitted with a 150 cm long, 7 
cm diameter soil sampling tube.  Two cores were taken at each site, and each core was 
analyzed separately. While in the field, location, landscape position, and slope were 
determined for each of the sampling locations. Landscape position was classified 
according to the Ruhe hillslope model (Ruhe and Walker, 1968), and percent slope was 
determined using a clinometer. 
Soil Core Characterization 
Each soil core was fully characterized according to traditional methods outlined in 
the Field Book for Describing and Sampling Soils (Schoeneberger et al., 2002).   Horizon 
type, horizon depth, rock fragment content, structure, consistence, presence of clay films, 
roots, and pores was determined for each horizon.  Soil color hue, value and chroma were 
determined by comparing soil samples to a Munsell Soil Color Chart. Effervescence was 
determined by dropping 10% hydrochloric acid on the soil core and measuring the depths 
at which the acid reacts with carbonates and effervesces. 
Variation in soil description techniques 
Although all soil cores were characterized according to the traditional soil survey 
methods, there is some describer bias that is inherent in all soil descriptions.  During the 
process of describing soil cores and analyzing them, we became aware of some variations 
in past and current conventions driving horizon description.  For example, A horizon 
thickness is significantly deeper today (+5 cm) than it was when it was originally 
described.   This is despite the fact that the depth of mollic colors (Munsell colors with a 
value and chroma ≤3, an objective measure of soil color) has not changed. The original 
descriptions predate modern soil taxonomic terms.  Therefore mollic colors had not yet 
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been defined.  To determine A horizon depth, the original soil describers were likely 
looking at the combination of dark colors (more subjectively defined than mollic) and 
granular structure to determine the lower depth of an A horizon (multiple regressions 
show this to a degree, R2~0.58) as well.  Now that there is less granular structure and 
mollic colors play a key role in defining Mollisols, mollic color depth is driving the 
determination of A horizon depth more than structure.    
The C horizon depth is equally prone to subjectivity.  In Iowa, C horizon depth 
has largely been determined by the depth to leached carbonates (Rust, 1983).  In a 
number of descriptions, the C horizon began at the depth to effervescence and was 
described as having massive structure, even though the C horizon’s description often 
included references to “peds” or even “clay films”.  In our descriptions depth to 
effervescence and the determination of structure were two independent observations.  
Despite the presence or absence of carbonates, if we found peds or clay films, we did not 
call that horizon a C horizon. For a more objective comparison of the depth to the true 
lack of structure, we went back through the descriptions, and adjusted the depth to 
massive structure to exclude horizons that mentioned “peds” or “clay films”.   Therefore 
depth to massive structure, and A and C horizon depths are much more subjective 
morphological measures than depth of mollic colors and what we have called the depth to 
“absence of structure”. 
Bulk Density 
 Bulk density was determined from the soil core for each genetic soil horizon 
described. Each horizon was dried in an 105 º C oven and weighed to determine the mass 
of soil.  The volume of each horizon was calculated by multiplying the area of the cross 
section of the soil core by the depth of each horizon, and bulk density was determined by 
dividing mass of the soil by the volume. 
Soil Texture 
Soil texture (particle size distribution <2 mm) was determined by feel, and 
subsamples from horizons from 33 soil cores were verified in the laboratory according to 
the pipette method.  The pipette method was performed as follows.  The sample was 
dispersed using sodium hexametaphosphate ((NaPO3)6), shaken overnight and the percent 
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sand and the sand size distribution was determined by using a nest of sieves (1.0, 0.5, 
0.25, 0.1, 0.047 mm).  The percent silt and clay was determined gravimetrically by 
pipetting and weighing known volumes of the remaining solution into drying tins after 
two different settling periods.  Those samples were dried in a 105ºC oven overnight and 
weighed to determine the percent silt and clay in each sample (Method 3A1, National 
Soil Survey Center 1996) (Soil Survey Staff, 1996). 
Laboratory measurements 
In the laboratory, pH and total soil C and N were determined for each of the 
horizons of each of the cores. The pH of each horizon was measured in water and KCl 
with an Orion pH (Thermo Scientific, Beverly, MA, USA) meter using a 1:1 volume soil 
to water solution and a 1:2 volume of soil to 0.01 M KCl solution.  Total soil C and total 
soil N was measured using the dry combustion method on a Leco elemental analyzer (St. 
Joseph, MI, USA). Total C was assumed to be equal to total organic C in horizons where 
the pH was ≤ 6.8.  
CEC and the concentration of extractable base cations were determined for the 
same subsamples from horizons from 33 soil cores that soil texture by pipette was 
performed.  CEC was measured in the laboratory according to the displacement method.  
All cations on the exchange complex were displaced first with several washes of sodium 
acetate (NaOAc) and then the sodium ions remaining on the exchange complex were 
displaced with ammonium acetate (NH4OAc). The resulting concentration of sodium ions 
was determined using atomic absorption spectroscopy.  Soil Survey Laboratory Methods 
Manual USDA Version 3.0 1996 (Methods 6N2, 6O2, 6P2, 6Q2 and 6H5a, Soil Survey 
Staff, 1996).  
The concentration of extractable base cations were determined by displacement 
with ammonium acetate.  Extractable bases (Ca2+, Mg2+, Na+, K+) are displaced by 
ammonium acetate (NH4OAc), and the concentrations of Ca2+, Mg2+, Na+, and K+ were 
determined using Inductively Coupled Plasma Mass Spectrophotometry.  These methods 
are outlined in detail in the Soil Survey Laboratory Methods Manual USDA Version 3.0 
1996 (Methods 6N2, 6O2, 6P2, 6Q2 and 6H5a, Soil Survey Staff, 1996).  
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Extractable Na+ concentrations were higher than 1959 numbers throughout all of 
the profiles.  Laboratory blanks showed that there was a low level of unidentifiable Na+ 
contamination within our method.  Given Na+ concentrations are generally naturally very 
low in Iowa, we cannot know whether or not these increases in Na+ concentration are 
real. Thus Na+ are not reported or discussed herein. 
From the resulting extractable base cation concentrations and total CEC data, sum 
of extractable bases, percent base saturation and Ca2+:Mg2+ were also calculated. 
Land use history reconnaissance 
 The original soil survey data recorded current land use at the time of sampling. 
We did the same at our time of sampling.  In order to determine land use change over 
time, we reviewed historical aerial photos, from 1930’s, 1950’s, 1960’s, 1970’s, 1980’s, 
1990’s and 2000’s available on the Iowa Geographic Map Server (ISU, 2009).  All sites 
were in some sort of row crop production between the original sampling date and the 
current sampling date except for three sites that were in woodland through that time. 
Statistical Analysis 
The data were analyzed statistically by applying a paired t-test to each set of soil 
characteristics, comparing historical data with current measurements to determine if they 
were statistically different from one another, using the JMP 8.0.1 statistical program 
(SAS, Inc. 2009).  P values are reported for the determination of statistical significance. 
Results and Discussion 
Acidification 
After 50 years of agricultural land use, soils are more acidic.  In the sampled soils, 
mean pH decreased by 0.2 pH units from the 0 to 125 cm depth, with the greatest 
decrease on the surface (0.25 pH units, Figure 2.1, Table 2.1).  This relatively constant 
change in pH is somewhat misleading given that pH is a logarithmic function.  The 
greatest change in hydrogen ion activity is in the same depth where we find the lowest pH 
on average, i.e. the 30 to 60 cm depth.   
The overall decrease in pH is linked to the regular addition of N fertilizer 
associated with row cropping in Iowa. Synthetic N fertilization increased in the United 
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States between 1945 and 2007 from less than 500 million tons of N per year to 13 billion 
tons of N per year (Alexander and Smith, 1990; ERS, 2008).  N fertilization rates have 
increased in Iowa over that time period, as well.  Currently, Iowa corn agriculture 
receives the regular addition of ~135 kg N/ha/yr (ERS, 2008). 
Many researchers have shown soil acidification with N fertilizer additions over 
time (Barak et al., 1997; Bouman et al., 1995; Guo et al., 2010; Jenkinson, 1991). The 
addition of H+ with anhydrous ammonia is shown in the following reaction (Pierre, 
1933). 
NH3 + 2O2  NO3- + H+ + H2O 
Through this reaction, one mole of H+ is released for each mole of urea or anhydrous 
ammonia that is oxidized.  In the process of taking up nitrate, the plant releases OH-, thus 
neutralizing the acidity formed during nitrate oxidation.  However, if anhydrous ammonia 
is applied in excess of what can be taken up by plants and that resulting nitrate is lost 
through leaching or denitrification, the soil gradually acidifies (Bolan et al., 1991). We 
know that N fertilizer is being applied in excess.  Under optimal growing conditions, only 
50% of applied fertilizer N is removed with corn grain (Oberle and Keeney, 1990), and 
large amounts of nitrate are exported into groundwater and surface water from 
agricultural watersheds (David et al., 1997; Gentry et al., 1998). 
With the current level of fertilization in Iowa, data from Barak et al. (1997) 
suggest that we might see a decrease of 1 pH unit (5.9 to 5.0) after 30 years of continuous 
fertilization. Our decrease of 0.2 pH units is rather small in comparison.  However, their 
numbers are based on an annual application fertilizer, no return of residues to the soil and 
a 20 cm depth of interest (Barak et al., 1997).  Most row crop agriculture in Iowa is a 
corn-soybean rotation.  So, it is more likely that Iowa soils are only receiving N 
fertilization every other year. This cropping system also returns at least some residue and 
many farmers manage pH with lime additions. Given the preceding our smaller decrease 
in pH is reasonable. 
Currently, the average soil pH throughout the profile are within the optimal range 
for corn and soybean production (pH 5.5 to 7.0, Havlin et al., 1999).  However, many 
sites have soil horizons with a pH below 5.5, and the number of sites with soil horizons 
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outside the optimal pH range is increasing.  For example, in the 0 to 5 cm depth, there 
was a 285% increase in the number of sites that had pH less than 5.5 (Table 2.2). Farmers 
routinely test soil pH and manage for soil acidification by applying lime.  Our results 
show that despite monitoring and management soils across Iowa have acidified on 
average. 
Soil Organic C and Total N 
We also attribute the significant changes in profile soil organic matter distribution 
to acidification. After 50 years of agricultural land use, we found evidence of organic 
matter translocation.  We use total organic C and total N as a proxy for organic matter 
content.  Total organic C has decreased in the surface 30 cm by 15 to 25%, while the total 
organic C content of the 100 to 150 cm depth has increased by 40 to 140%.  Total N 
concentrations show a similar trend of decreasing in the surface and increasing at deeper 
depths, although the trend is not as pronounced (Figure 2.2). 
Lower pH increases the rates of podzolization (the dissolution and translocation 
of organic matter deeper in the profile). Several studies have shown that, with N 
fertilization, organic matter is more subject to dissolution, and once it is dissolved it is 
translocated (Havlin et al., 1999; Kalbitz et al., 2000; Liang et al., 1998; Norman et al., 
1987).  Cultivation also increases the mobility of solutes (Schimmack and Bunzl, 1986).  
Other researchers also reported translocation of C and N to deeper depths with 
agricultural land use (David et al., 2009; Mann, 1985; Meints and Peterson, 1977).  They 
attribute this change in distribution to various processes including the leaching of organic 
compounds formed in the epipedon (Meints and Peterson, 1977) and retention of 
dissolved organic C in the subsoil (David et al., 2009). 
While some studies look at soil organic matter distribution of the whole profile, 
most studies focus on the near soil surface organic matter dynamics. Numerous studies 
have shown decreases in soil organic C with cultivation in the top 30 to 60 cm of soil 
(Bouma and Hole, 1971; Coote and Ramsey, 1983; David et al., 2009; Johnston and 
Poulton, 1976; Khan et al., 2007; Mann, 1985; Mann, 1986; Martel and Mackenzie, 
1980; Meints and Peterson, 1977).  A few show the opposite, i.e. increases in organic C 
with agricultural production (DeClerck and Singer, 2003; Richter and Markewitz, 2001; 
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Sandor and Eash, 1991).  These “gaining” studies are usually located in areas with low 
initial fertility, low organic matter content and periodic irrigation.  
We find that our soils fit into both camps.  They are losing C.  They are gaining 
C. First, like the majority of these organic matter studies, if we confine our analysis to the 
upper 50 cm of the soil profile, we find significant decreases in organic matter content. 
But by sampling deeper, we document an accumulation of organic C, a 14% increase in 
the 150 cm profile (Table 2.4). David et al. (2009) found a similar trend, sampling to 100 
cm.  They showed that after 45 years of cultivation, organic C and N contents decreased 
in the surface 50 cm of soil but increased in the 50 to 100 cm depth.  Despite a 
redistribution within the profile that was somewhat comparable to ours, they found no net 
accumulation of C in that time period.  
Mann (1986) suggests that, despite initial losses in soil matter with cultivation, 
ultimately cultivated soils will reach an equilibrium organic matter content again.  Our 
data and that of David et al. (2009) suggest that with cultivation, the C and N content 
continues to change.  Hence it is unlikely that an equilibrium organic C is attainable as 
long as agricultural practices remain dynamic.  Additionally and regardless of the 
mechanism, organic C will continue to be translocated throughout the profile (≥150 
cm)—and perhaps even out of it again.  On a global average 56% of the soil organic C 
content is between 100 to 300 cm (Jobbagy and Jackson, 2000) where it tends to be more 
stable and subject to lower decomposition rates (Jenkinson et al., 2008). This suggests 
that we could ultimately be storing much larger amounts of C in agricultural systems than 
most studies project.  This further suggests that we must make a concerted effort to 
sample deeper to quantify deep soil organic matter dynamics. Conversely, given that 
Meints and Peterson (1977), Baker et al. (2007) and David et al. (2009) made the same 
conclusion, perhaps the greater soil science community has already discounted this need 
on valid grounds that we have not found.  
Cation Exchange Capacity and Extractable Bases 
While pH, organic C and total N have changed significantly throughout the 
profile, total CEC has decreased by 11% in the surface 15 cm of soil and then is 
essentially unchanged through the remainder of the soil profile (Figure 2.1, Table 2.1). 
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This is not surprising given CEC is linked to organic matter content, clay content, pH and 
mineralogy (Helling et al., 1964).  Clay contents—and presumably clay mineralogy—
have not changed over the 50-year period, so this change in CEC at the surface must be 
driven by changes in organic matter content and pH.  In the surface 0 to 15 cm depth, soil 
organic C decreased by 10%, which is consistent with the magnitude of CEC change. 
However the decrease in soil organic C extends 15 cm deeper in the profile than the 
decrease in CEC suggesting that CEC-organic C changes are only somewhat coupled.  
While the total CEC only changed in the 0 to 15 cm depth, there are significant 
changes in the concentrations of extractable bases throughout the soil profile.  Extractable 
Ca2+ decreases by 20% in the 0 to 30 cm depth, extractable Mg2+ decreases by 20% in the 
0 to 100 cm depth, and both extractable Ca2+ and Mg2+ increase deeper in the profile 
(Figure 2.1, Table 2.1). We speculate that acidification with N fertilizer application is 
driving these changes in the amounts and distribution of extractable bases. Barak et al. 
(1997) found similar differences in CEC and exchangeable Ca2+ and Mg2+ with N 
fertilization.  The application of fertilizer creates a flush of hydrogen and ammonium ions 
that displaces other cations on the exchange complex, moving them deeper in the soil 
profile.  We think Mg2+ is preferentially moved deeper (125 cm) than Ca2+ (60 cm) 
because Mg2+ is less tightly held on the exchange complex, according to the lyotropic 
series.   
Extractable K+ is exchanged and translocated as well, however, in contrast to Ca2+ 
and Mg2+, farmers regularly add K+ fertilizer (an average of 75 kg ha-1 yr-1 potash was 
applied to corn between 1964 and 2003, ERS, 2008).  Thus, although it should, according 
to the lyotropic series theory, be actively moving deeper than even Mg2+, extractable K+ 
increases throughout the profile by 25 to 60% simply because of high rates of inputs 
annually (Figure 2.1, Table 2.1).  Johnston and Poulton (1976) found results in the 
Rothamsted plots that they explain in this same manner: extractable K+ increases with 
regular manure or inorganic fertilizer addition, but decreases in soils lacking regular 
additions of K+.   
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Data for extractable Na+ are not reported because blanks indicated that there were 
Na+ contaminants within the extraction method. 
The sum of extractable bases decreased significantly in the 0 to 30 cm depths 
(Figure 2.1).  This is largely related to the decrease in extractable Ca2+ in these same 
depths, as Ca2+ is the largest proportion of the sum of extractable bases.  Base saturation 
decreased by 10% in the surface 60 cm because the sum of extractable bases decreased, 
but the total CEC did not change proportionately. Base saturation increased deeper in the 
soil profile, exceeding 100% in the soil deeper than 100 cm (Figure 2.1, Table 2.1).  
When base saturation exceeds 100%, there are more extractable bases than can be held on 
the exchange complex which increases the likelihood of mineral precipitation. In the case 
of Ca2+, it most likely is precipitating as secondary calcite (CaCO3). 
Structure and Bulk Density 
The major morphological transformation to 50 cm depth is the shift from granular 
to blocky soil structure at the surface.  The thickness of soil with granular structure is 
decreasing, from 29 cm originally, to a depth of 7 cm now (Table 2.6).  Correspondingly, 
the minimum depth to blocky structure is shallower as well, changing from 15 cm to 1 
cm.  The shift from granular to blocky soil structure likely results in fewer macropores 
and more micropores because blocks pack more closely than granules.  These changes in 
porosity should negatively affect infiltration, aeration and plant rooting behavior (Topp et 
al., 1997).  
The presence of granular structure is usually attributed to an abundance of organic 
matter, fine roots and biological activity (Tisdall and Oades, 1982). Certainly, our data 
show a correlation between the loss of granular structure and decreasing organic C 
(Figure 2.2, Tables 2.3, 2.6).   We attribute both the changes in soil structure and organic 
C to the transition from longer rotations with deep rooting perennial plants to a corn-
soybean rotation without small grains or alfalfa hay.   
In addition to shortening crop rotations, tillage practices have changed in the past 
50 years.  Until about 1980 “conventional” tillage was the norm. It regularly included fall 
moldboard plowing.  Since then, reduced tillage and no-till practices have increased (e.g. 
around 60% of the annual crop hectares were in conservation tillage in Iowa in 2002 
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(~5,485,000 ha, CTIC, 2002).  Perpetual reduced tillage is usually purported to promote 
both the formation of granular structure and the accumulation of organic matter (Lal, 
1998).  But neither has occurred, at least when we consider our average changes in Iowa.  
We think this reflects that although much of the state is reported to be in reduced tillage 
or no-till at any one time, many farmers till every few years.  This suggests that either 
limited tillage is related to the destruction of structure and loss of organic matter or that 
soil structure is very slow to recover.   Our speculation is a hybrid idea.  We accept that 
reduced tillage is providing conditions conducive to granular structure formation.  
However, even a single year of tillage destroys several years of granular structure 
recovery.  And we think that the wheel traffic intrinsic to the equipment used in row crop 
agriculture compounds this problem, slowing further soil structure recovery. 
Tillage practices also influence the bulk density of the soil. We expect intensive 
tillage to increase bulk density (Barnes et al., 1971; Bouma and Hole, 1971; Coote and 
Ramsey, 1983; Davies et al., 1972; Kashirad et al., 1967; Skidmore et al., 1975). Most of 
these studies look at the effects of initial cultivation, comparing the bulk densities of crop 
fields to native grasslands.  Few studies, however, look at how bulk density changes over 
time with agricultural land use.  In this study, while the bulk density deeper in the profile 
has remained the same, the top 60 cm of soil has a lower bulk density on average than the 
soils that were described in the 1950’s (Figure 2.3).  
Although bulk density is lower, changes in soil structure suggest that, with the 
loss of porosity, bulk density should be higher than it was originally.  Two explanations 
are plausible and differ dramatically in ramifications.  First, variation in bulk density 
methods could be responsible for some of this difference.  The original bulk density 
method was the clod method, where they determined the density of a single aggregate 
whereas we used the core method to determine bulk density.  The clod method can, at 
times, yield higher bulk densities than the core method (Tisdall, 1951; Van Remortel and 
Shields, 1993) although others report that there is no variation between the methods 
(Campbell and Henshall, 2001). 
The second plausible explanation for the discrepancy in bulk density is variability 
in particle density.  In soil science, we rarely measure particle density.  Instead, we 
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usually assume that particle density is 2.65 g/cm3.  However, Blanco-Canqui et al. (2006) 
show that that is a faulty assumption.  In fact, particle density is more variable than we 
might expect, and variable particle density markedly impacts porosity and bulk density 
calculations (See equations below).   
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Lower particle density could account for the simultaneous lower bulk density and 
blockier soil structure. Blanco-Canqui et al. (2006) found lower particle densities in no-
till fields than in moldboard plowed fields after more than 22 years of cultivation.  For 
example, to explain the decrease in bulk density at the soil surface (1.46 g/cm3 initially to 
1.37 g/cm3 now), the change in particle density would be 2.55 g/cm3 initially to 2.4 g/cm3 
today, which is similar to what Blanco-Canqui et al. (2006) found between moldboard 
plowed sites and no-till sites.  In contrast, Chendev (1998) found that particle density in 
the surface 18 cm increased in fields with increasing age of cultivation.  Thus, particle 
density is more variable than we have expected in the past.  Variation in particle density 
can be evidence of changes in mineralogy over a relatively short period of time with 
perhaps different systems promoting the loss and gain of minerals of different densities.  
This weathering could also be driven by the intense acidification associated with 
synthetic N fertilization. Hence, we make no interpretations beyond presenting our data 
and trends and noting that a variety of explanations can be invoked from the literature. 
Redoximorphic features 
A major change in subsurface soil properties is the depth to redoximorphic 
features.  Redoximorphic features indicate hydrologic conditions in the soil.  Grey colors 
suggest wetness-induced reduction, while red colors indicate oxidizing conditions 
(Richardson and Daniels, 1993).  Grey redoximorphic features (defined as Munsell color 
with a value ≥5 and a chroma ≤2) are found 19 cm deeper than they were originally (76 
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cm then to 95 cm currently, P = 0.001, Table 2.6). Inversely, red redoximorphic features 
(defined as Munsell color with a hue of 10YR or redder, a value ≥4 and a chroma ≥6) are 
found on average 4 cm shallower than they were initially (P = 0.4324, Table 2.6).  This 
indicates that the Iowa’s soil profiles are more oxidized than they once were. We 
interpret this as the water table being lower today than it once was. 
We attribute the deepening of the water table to the continuous addition of 
drainage tile to Iowa’s landscape.  Farmers have been changing the hydrology of Iowa’s 
landscape through tile drainage since the middle 1800’s (Beauchamp, 1987). Therefore 
some of the soils we sampled could have been drained for ~150 years.  However farmers 
continue to add more tile drainage to the landscape annually (Zucker and Brown, 1998).  
Thus soils are becoming increasingly well drained and oxidized.   
 Traditionally, many soil scientists have argued that redoximorphic features are a 
permanent characteristic and should not appear or disappear on human time scales (Ruhe 
et al., 1955).  For example, James and Fenton 1993 (James and Fenton, 1993) found no 
apparent changes in color in complete soil profiles (2 to 3 m) after 90 years of tile 
drainage in Iowa.  The classical thinking is that when iron is reduced the highly soluble 
Fe2+ leaches from the system and when conditions are oxidized again, there is no more 
iron available to oxidize.  However, in more recent research, Hayes and Vepraskas (2000) 
hypothesize that soil organic matter masks hydrologically driven changes in soil color.  In 
an experiment in North Carolina, (an area less prone to soils high in organic matter than 
Iowa) they found evidence of oxidation with only 30 to 50 years of ditch drainage (Hayes 
and Vepraskas, 2000).   
 Color changes as a result of oxidizing and reducing conditions could happen faster 
yet.  Vepraskas et al. (1999) found that in a created marsh area soil chroma decreased by 
two units after only 5 years of saturation (Vepraskas et al., 1999).  And once exposed to 
oxygen, extensively gleyed soils can change color even more quickly, on the order of 
hours to days (Daniels et al., 1961; Richardson and Daniels, 1993). 
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Conclusions 
 After fifty years of agricultural use, soils in Iowa are overall more acidic, higher 
in organic C and extractable K+ and increasingly well drained.  Even though bulk 
densities are lower, surface horizons have diminished soil quality with lower organic 
matter contents, CEC, extractable Ca2+ and Mg2+ and blockier structure.  Deeper in the 
soil profile C and N are accumulating, which changes the distribution of organic matter in 
the soil profile and is evidence of C accumulation overall in the profile.  
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Figure 2.1 pH, cation exchange capacity (CEC), sum of extractable bases, extractable Ca2+, Mg2+, K+ (cmol(+)/kg of soil) and percent 
base saturation by depth. 
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Table 2.1. Changes in soil chemical properties.   
pH Cation Exchange Capacity (cmol+/kg soil) Depth 
1959 2007 ∆ Std. Error n P 1959 2007 ∆ Std. Error n P 
0-15 cm 6.10 5.85 -0.25* 0.09 77 0.01 28 25 -3* 1 14 0.05 
15-30 cm 5.89 5.76 -0.13 0.09 77 0.14 26 26 0 1 14 0.70 
30-60 cm 5.77 5.59 -0.17* 0.08 78 0.03 24 25 +2 1 14 0.26 
60-100 cm 5.94 5.79 -0.15* 0.08 77 0.07 22 22 0 1 14 0.99 
100-125 cm 6.73 6.55 -0.18* 0.10 75 0.07 16 15 -1 1 14 0.58 
125-150 cm 7.05 6.88 -0.17 0.11 64 0.14 16 15 -1 2 11 0.48 
150+ cm 7.34 7.20 -0.14 0.13 41 0.28 15 16 +1 2 5 0.70 
 
Sum of Extractable Bases 
(cmol+/kg soil) % Base Saturation Depth 
1959 2007 ∆ Std. Error n P 1959 2007 ∆ Std. Error n P 
0-15 cm 27.9 22.8 -5.1* 1.3 14 <0.01 99 91 -8 7 14 0.29 
15-30 cm 25.3 21.3 -4.0* 1.3 15 <0.01 96 83 -13* 3 15 <0.01 
30-60 cm 23 21.9 -1.1 1.0 15 0.33 99 90 -9* 4 15 0.05 
60-100 cm 21.6 21.6 0 1.6 14 0.98 99 100 +2 11 14 0.90 
100-125 cm 20.6 21.6 +1.3 1.7 7 0.47 107 123 +17 17 7 0.37 
125-150 cm 19.6 18.3 -1.3* 0.1 2 0.05 99 114 +15 26 2 0.67 
150+ cm 10.5 25.2 +14.7 10.7 2 0.40 59 175 +117 66 2 0.33 
 
Extractable Ca2+ 
(cmol+/kg soil) 
Extractable Mg2+ 
(cmol+/kg soil) Depth 
1959 2007 ∆ Std. Error n P 1959 2007 ∆ Std. Error n P 
0-15 cm 22 17 -5* 1 14 <0.01 5 4 -1* 0.4 14 0.09 
15-30 cm 20 17 -3* 1 15 0.03 5 4 -1* 0.3 15 <0.01 
30-60 cm 17 17 0 1 15 0.82 5 4 -1* 0.4 15 0.01 
60-100 cm 15 16 +1 2 14 0.61 6 4 -1* 0.3 15 <0.01 
100-125 cm 14 16 +2 2 7 0.39 5 4 -1 0.5 9 0.14 
125-150 cm 14 13 -1 1 2 0.60 4 4 0 0.6 5 0.63 
150+ cm 8 21 +14 10 2 0.40 3 4 +1 0.6 3 0.31 
 
Extractable Na+ 
(cmol+/kg soil) 
Extractable K+ 
(cmol+/kg soil) Depth 
1959 2007 ∆ Std. Error n P 1959 2007 ∆ Std. Error n P 
0-15 cm 0.1 0.4 +0.3* 0 14 <0.01 0.5 0.7 +0.1* 0.1 14 0.09 
15-30 cm 0.1 0.4 +0.3* 0 15 <0.01 0.5 0.5 0 0.1 15 0.53 
30-60 cm 0.1 0.4 +0.3* 0 15 <0.01 0.4 0.5 +0.1* 0 15 0.03 
60-100 cm 0 0.5 +0.4* 0 15 <0.01 0.4 0.5 +0.1* 0 15 <0.01 
100-125 cm 0.1 0.5 +0.4* 0.1 13 <0.01 0.3 0.5 +0.2* 0 13 <0.01 
125-150 cm 0.1 0.5 +0.4* 0.1 10 <0.01 0.3 0.4 +0.1* 0.1 10 0.04 
150+ cm 0.1 0.5 +0.2* 0.1 5 <0.01 0.3 0.5 +0.2* 0.1 5 0.07 
*Statistically significant change in property to an alpha value of 0.1. 
Table 2.2. Number of sites sampled that had a pH below 5.5a in each depth.  
1959 2007 
Depth number of sites 
with pH <5.5  
% of sites 
sampled 
number of sites 
with pH <5.5 
% of sites 
sampled 
% Increase 
5 cm 7 9% 27 33% 285% 
15 cm 15 18% 34 41% 127% 
30 cm 32 39% 47 57% 46% 
60 cm 28 34% 36 44% 29% 
100 cm 9 11% 15 18% 67% 
125 cm 5 6% 7 9% 40% 
150 cm 3 4% 2 2% -33% 
aThe lower limit of the optimal range in pH for corn and soybean growth. 
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Figure 2.2. Total organic C and total N (g/100 g of soil) by depth. 
 
Table 2.3. P values for the t-tests of the changes in total organic C and total N from 1959 
to 2007 shown in Figure 2.2 above. 
Depth 
Total C 
(g C/100 g soil) 
P value 
Total N 
(g N/100 g soil) 
P value 
0-15 cm 0.02 0.92 
15-30 cm <0.01 0.01 
30-50 cm 0.93 0.22 
50-75 cm 0.09 0.01 
75-100 cm 0.03 0.06 
100-125 cm <0.01 0.35 
125-150 cm <0.01 0.23 
150 cm+ 0.01 0.26 
 
Table 2.4. Profile total organic C and total N in mass per area for different depths.  
 
Profile Organic C  
(kg C/m2) 
Profile Total N 
(kg N/m2) 
Depth 1959 2007 %∆ 1959 2007 %∆ 
25 cm 6.6 5.6 -15%  0.61  0.54 -11% 
50 cm 9.8 9.0 -8%  0.93  0.90 -3% 
75 cm 11.4 11.1 -3% 1.07 1.17 +9% 
100 cm 12.4 12.8 +3% 1.22 1.32 +8% 
125 cm 13.2 14.3 +8% 1.37 1.49 +9% 
150 cm 13.9 15.9 +14% 1.60 1.55 +3% 
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Figure 2.3. Bulk density (g/cm3) by depth. 
 
Table 2.5. Bulk density (g/cm3) by depth. 
Depth 1959 2007 ∆ Std. Error n P 
0-15 cm 1.46 1.37 -0.09* 0.02 27 <0.01 
15-30 cm 1.47 1.36 -0.11* 0.03 26 <0.01 
30-50 cm 1.47 1.37 -0.10* 0.02 27 <0.01 
50-60 cm 1.54 1.37 -0.17* 0.03 26 <0.01 
60-75 cm 1.54 1.42 -0.12* 0.03 26 <0.01 
75-100 cm 1.60 1.48 -0.11* 0.04 23 <0.01 
100-125 cm 1.67 1.64 -0.03 0.05 24 0.55 
125-150 cm 1.71 1.71 0 0.04 18 0.96 
150 cm+ 1.72 1.76 +0.03 0.04 12 0.48 
*Statistically significant change in property to an alpha value of 0.1. 
 
Table 2.6. Changes in minimum depth (cm) to soil properties. 
Soil Property 1959 2007 Change Std. Error n P 
Mollic Colorsa 45 45 0 3 81 0.94 
Granular Structurea 29 7 -22* 2 82 <0.01 
Blocky Structure 15 1 -14* 2 82 <0.01 
Grey Redoximorphic Features 76 95 +19* 5 56 <0.01 
Red Redoximorphic Features 80 76 -4 6 67 0.43 
Carbonates 110 110 0 5 52 0.99 
*Statistically significant change in depth to an alpha value of 0.1. 
aMaximum depth (cm) is reported for these soil properties. 
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Chapter 3. A process-based model of agricultural anthropedogenesis  
Jessica J. Veenstra and C. Lee Burras 
 
A paper to be submitted to Geoderma 
Abstract 
Despite a whole body of scientific research that shows that soils change on 
relatively short time scales under different management regimes, classical pedological 
theory states that we should expect these changes to occur only in the surface few 
centimeters and that they are not of adequate magnitude to suggest fundamental changes 
in pedon character over short periods of time. Nevertheless, by resampling sites that were 
initially described by the soil survey between 1943 and 1963, we find fundamental 
changes—often to more than 100 cm depth in one or more of the following—soil color, 
texture, structure, depth to carbonates, depth to redoximorphic features, bulk density, 
organic matter content, and pH.  By synthesizing the changes in soil properties that we 
detected from 50 years of agricultural land use in Iowa, we develop a model of 
anthropedogenesis.  It states that the intensity of inputs is proportional to the intensity of 
impacts, and that anthropedogenesis accelerates melanization, erosion, cumulization, 
oxidation and braunification, while also dissolving and translocating carbonates and 
organic matter and altering soil structure. 
Introduction 
Classical pedological theory discounts the effect of humans as primary actors in 
soil formation. Yet, humans are highly active agents of soil and environmental change.  
One third to one half of the earth’s land surface has been transformed by humans 
(Vitousek et al., 1997). We transform soils by ripping, tilling, transporting, compacting, 
bulldozing, draining and more. So, it seems surprising that existing pedological theory 
minimizes or entirely disregards the potential impact of human activities on soil.   This is 
not to suggest that a number of researchers are not recognizing humans as a soil-forming 
factor (Amundson and Jenny, 1991; Richter, 2007; Sandor et al., 2005; Yaalon, 2007; 
Yaalon and Arnold, 2000), but no one has attempted to synthesize the processes that 
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humans affect.  In this study, we integrate the effects of fifty years of row-crop 
agriculture on Iowa soils into a model of anthropedogenesis. Most of this area has been 
farmed for more than 140 years (Thompson, 1989), and the agriculture that goes on in 
Iowa represents much of the agriculture in the Midwest and Central Plains of the United 
States.  Thus, the anthropedogenic processes that we describe here can be extrapolated to 
the entire region. 
Materials and Methods 
Pedological Context 
Iowa is an excellent place to study anthropedogenesis, especially agricultural 
anthropedogenesis because 98% of Iowa’s land area is in some sort of human land use, 
74% of which is used for row crop agriculture. The remaining land area is in pastureland, 
federal land or conservation reserve (14%), woodland (4%), and urban areas and water 
bodies (8%, Miller, 2010).  Corn and soybean are the major crops, while alfalfa, oats and 
wheat are minor crops.  
The climate in Iowa is continental with a mean annual air temperature of 7 to 11º 
C. The frost-free period is 165 to 200 days long.  The average annual precipitation is 66 
to 90 cm, and much of the precipitation falls from April to September with snow usually 
covering the ground from December to March (NRCS, 2010; Wendland et al., 1992). 
Historical Database of Soil Properties  
 The National Cooperative Soil Survey has been surveying and cataloging soils 
from across the nation since 1899.  Soils across the country have been mapped and 
classified to the soil series level (Soil Survey Staff, 1999).  Soil series is the most specific 
category in soil classification; it is essentially the soil taxonomic equivalent to “species” 
in biological taxonomy.  Throughout this time, although higher categories have evolved 
with changes in US Soil Taxonomy, soil series and their associated descriptions remain 
relatively consistent.  For each soil series that is present in each county in the US there is 
a “type location”, a specific location that is considered the representative example of that 
particular series in that county.  For these sites, there is a database of soil information 
with data from Iowa that began in 1943. We chose to evaluate sites that were described 
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between 1943 and 1963 with a median sampling date of 1959 (SCS, 1966; SCS, 1978). 
The original data included specific public land survey system locations.  Therefore, using 
ArcGIS, GPS and 1930’s aerial photos, we were able to relocate the original 
representative sites, and we sampled them again in 2007 or 2008.  
Soil Sampling 
Eighty-two representative pedons were sampled in 21 counties across Iowa 
(Figure 1.2) to a depth of 150 cm using a truck-mounted hydraulic soil sampler 
(Gidding’s Machine Company, Windsor, CO) fitted with a 150 cm long, 7-cm diameter 
soil sampling tube. Two cores were taken at each site, and each core was analyzed 
separately. They were taken approximately 50 cm apart. While in the field, location, 
landscape position, and slope were determined for each of the sampling locations. 
Landscape position was classified according to the Ruhe hillslope model (Ruhe and 
Walker, 1968), and percent slope was determined using a clinometer. 
Soil Core Characterization 
Each soil core was fully characterized according to traditional methods outlined in 
the Field Book for Describing and Sampling Soils (Schoeneberger et al., 2002).   Horizon 
type, horizon depth, fragment content, structure, consistence, presence of cutans, roots, 
and pores was determined for each horizon.  Soil matrix and features colors hues, values 
and chromas were determined by comparing soil samples to a Munsell Soil Color Chart. 
Effervescence was determined by dropping 10% hydrochloric acid on the soil core and 
measuring the depths at which the acid reacts with carbonates and effervesces.  The depth 
to a gravel layer or a contrasting texture was determined from texture by feel analysis.  
Examples of contrasting textural changes are siltier textures over loamier textures or large 
increases (>15%) in clay content between two adjacent horizons. 
Land use history reconnaissance 
 The original soil survey data recorded land use at the time of sampling, and we 
recorded land use at the time of our sampling.  In order to determine land use change for 
the interim, we reviewed historical aerial photos, from 1930’s, 1950’s, 1960’s, 1970’s, 
1980’s, 1990’s and 2000’s available on the Iowa Geographic Map Server (ISU, 2009). 
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Seventy-nine sites were in some sort of row crop production for part or all of the time 
between the original sampling date and the current sampling date.  The other three were 
forested throughout that time. 
A full discussion of the methods and associated changes in each of the measured 
soil properties can be found in Veenstra and Burras (2010, Chapter 2). 
Results and Discussion 
Reference depth 
 A critical and obvious feature of change is defining a baseline condition from 
which to measure change.  This is more difficult in soil than it appears.  The standard 
choice is the soil surface, but with active processes of erosion and deposition, the soil 
surface is not static. With this in mind, the soil surface serves as an unsuitable reference 
depth for assessment of soil change.  Likewise the depth to the C horizon is popular, but 
the conventions guiding C horizon naming have changed and remain open to 
interpretation.  In many of the original descriptions, C horizon depth was determined 
exclusively by the depth to effervescence (Rust, 1983).  However, even though the 
effervescing “C horizons” were described as having massive structure, the horizon 
descriptions often included references to peds or clay coatings. Now, our definition of “C 
horizon” is the depth to “little or no pedogenic alteration, unconsolidated earthy material 
or soft bedrock” (Schoeneberger et al., 2002), which would exclude horizons with peds or 
clay coatings.   Hence, we sought a “new” option for a reference point within pedons.  
We needed it to be a point that was not changed with human uses, natural pedon 
evolution or subject to differing interpretations.  We decided that the depth to a unique 
stationary feature, such as gravels or a contrasting texture, is the best choice for a 
reference depth.   
We define the depth to gravels or contrasting texture as an increase rock 
fragments or significant change in soil texture (increase in sand content or clay content). 
Examples of contrasting textures are silty textures over loamy textures or large increases 
(>15%) in clay content between two adjacent horizons.  Pedologically speaking these 
features were evidence of a stone line, lithologic discontinuity, etc. and were often 
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recognized as such in the original National Cooperative Soil Survey descriptions. In some 
areas, where the soils are very similar in character throughout the sampled depth, there 
are no gravels or contrasting texture to use for comparison. 
Looking across landscape positions, the depth to gravels/contrasting texture is a 
useful reference depth in all of the landscape positions except the foot/toeslope position 
where there were too few sites with a useful property for comparison. In the foot/toeslope 
landscape position we use the maximum depth of mollic colors (Munsell colors with a 
value and chroma ≤3, moist) as the reference depth instead (Figure 3.2). This works as a 
useful reference depth for these landscape positions because they are sediment-gaining 
locations.  For a comparison of reference depths, changes in soil properties across 
landscape positions are shown in Figure 3.1, using the surface as a reference depth and in 
Figure 3.2, using the depth to gravel/contrasting texture as the reference depth. 
Destruction of Granular Soil Structure 
Most of the sites that we sampled have been farmed for more than 100 years.  
Over that time, fields and equipment have gotten larger and crop rotations have 
transitioned from multi-year rotations including deeply rooting perennial plants to a two-
year corn-soybean rotation without small grains or perennials. The conversion of granular 
to blocky structure is related to the combination of shorter rotations with fewer fine roots 
to promote the formation and maintenance of granular structure (Tisdall and Oades, 
1982) and heavier wheel traffic. With the increasing loads associated with wheel traffic, 
granules are compressed and forced to expand to fill the space available to them, 
compacting and expanding against one another.  Maximum depth of granular structure is 
much shallower in each of the landscape positions than it was when the soils were 
originally sampled (13 cm to 28 cm depending upon the landscape position, Figure 3.2, 
3.3). 
Soil erosion, cumulization and melanization 
 Loss of perennial vegetation in crop rotations and the resulting lack of soil cover 
cause accelerated rates of erosion and cumulization (Montgomery, 2007; O'Hara et al., 
1993), which we interpret as largely explaining why, on average, the minimum depth to 
gravels/contrasting texture is 7 cm shallower than it was originally (Figure 3.3, Table 
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3.1).  This is corroborated by the depth to the absence of structure, which is also 7 cm 
shallower than it was originally (Figure 3.3, Table 3.1).  That 7 cm change in depth 
cannot be explained by compaction, because bulk densities are the same or lower now 
than they once were (Veenstra and Burras, 2010, Chapter 2). We see evidence of soil loss 
(a decrease in the thickness of soil above the reference depth) across all landscape 
positions except the foot/toeslope positions where there was a 42 cm increase (Figure 
3.2).  The greatest soil loss is in the backslope position, a 12 cm decrease. Resulting 
erosion and sedimentation rates are specifically estimated in Veenstra and Burras (2010, 
Chapter 4). 
Despite evidence of soil loss in most landscape positions, maximum depth of 
mollic soil colors does not change accordingly (Figure 3.2).  Rather, the maximum depth 
of mollic soil colors increases in the summit, shoulder and relatively flat (plain, 0-1% 
slope) landscape positions. So, although soil is lost through erosion, we speculate that 
tillage, even if it is infrequent, is mixing organic-matter-rich soil material deeper in the 
profile, and thus, diffuses the overall organic C and total N contents of the surface soil 
horizons (Figure 2.2).  In sum, parodoxically, human activity is simultaneously 
increasing erosion rates, accelerating melanization and A horizon deepening and 
decreasing overall organic C and total N concentrations (Table 2.3).    
Dissolution, Translocation and Precipitation of Organic C, Total N and Carbonates 
While physical mixing with tillage is one explanation for the overall decreases in 
organic C and total N at the surface, it is more likely the combination of 1) physical 
mixing, 2) shorter crop rotations that provide fewer organic matter additions 3) 
accelerated decomposition rates and 4) the dissolution and translocation of organic 
matter.  Many factors speed decomposition rates: warmer temperatures, increased oxygen 
availability, decreased molecular complexity and lower C:N ratios of organic matter 
(Swift et al., 1979).  Temperatures are warming, oxygen availability is increasing at depth 
with increased tile drainage, molecular complexity of organic matter is decreasing as crop 
rotations are getting simpler and C:N ratios are decreasing as well (Veenstra and Burras, 
2010, Chapter 2).  Therefore, it is likely that decomposition rates have accelerated since 
the original sampling date. 
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We think the dissolution, translocation and precipitation of organic matter in our 
pedons is being driven by dramatic variation in pH and water movement. Drastic short-
term fluctuations in pH (pH 9 to pH 6 in a matter of days) are associated with inorganic N 
fertilization (Court et al., 1962; Duisberg and Bueher, 1954; Havlin et al., 1999), and 
inorganic N fertilization has increased by three times in Iowa and five times in the US 
since the 1960’s (Alexander and Smith, 1990; ERS, 2008; UN-FAO, 2009). Organic 
matter dissolves in both low and high pH (Kalbitz et al., 2000).  Once it is dissolved, it is 
transported by moving water to deeper in the profile, perhaps through process of 
chelation with iron and aluminum, i.e. podzolization or perhaps in the case of our pedons 
it should be called “anthropodzolization”.  It precipitates as secondary soil organic matter 
when water flow ceases and pH increases with depth (McKeague et al., 1983). 
The same fluctuations in pH that are responsible for the dissolution of organic 
matter are also responsible for the dissolution of carbonate minerals from shallower in the 
soil profile and precipitation of secondary carbonate minerals deeper in the soil profile 
(Figure 3.2, 3.3). The depth to effervescence is deeper in the summit, shoulder and 
relatively flat (plain, 0 to 1% slope) landscape positions (Figure 3.2), whereas the depth 
to effervescence is shallower in the backslope and foot/toeslope positions than it was 
when originally sampled.  Thus, in the higher landscape positions, carbonate minerals are 
being dissolved from shallower horizons.   Carbonate mineral dissolution and 
precipitation reactions are shown below (Schaetzl and Anderson, 2005): 
Formation of Carbonic Acid  
H2O (l)  + CO2(g)  <=>  H2CO3(aq) 
Carbonate Mineral Dissolution 
H2CO3(aq) + CaCO3(s)  <=>  Ca2+(aq)  +  2HCO3
-
 (aq) 
Precipitation of Secondary Carbonates 
Ca2+(aq) + 2HCO3
-
 (aq)   <=>  CaCO3(s) + CO2(g) 
Our extractable calcium data show that calcium is moving deeper in the soil 
profile (Veenstra and Burras, 2010, Chapter 2). The partial pressure of CO2 may in fact 
be higher than it was when the pedons were originally sampled because of the aerobic 
decomposition of translocated organic matter deep in the soil profile.  These two factors 
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could be driving the precipitation of secondary carbonates deeper in the soil profile and 
downslope. 
We speculate that the precipitation of secondary carbonate minerals in the 
backslope and foot/toeslope positions is in part responsible for the loss of soil structure 
there.  In the backslope and foot/toeslope positions the depth to the absence of structure is 
12 cm and 30 cm shallower, respectively, than it was originally.  In the foot/toeslope 
position, the loss of soil structure also is related to the deposition of sediment on the soil 
surface. For example, the added weight of 42 cm m-2 of soil deposited on the surface is 
588 kg m-2 (bulk density, 1.4 g cm-3).  This added soil mass could be increasing the 
pressure on the deeper soil horizons and preventing wetting and drying cycles from 
expanding and contracting soil at this depth, limiting the formation of soil structure.  
Oxidation and braunification 
Through the addition of tile drainage, agricultural practices also speed the 
processes of oxidation and braunification. Across all landscape positions, the depth to 
grey redoximorphic features reflects the lowering of the water table with the addition of 
tile drainage (76 cm originally, now 95 cm on average, Table 3.1). The depth to grey 
redoximorphic features is deeper in every landscape position, by as few as 17 cm in the 
backslope position to as many as 36 cm in the summit position. In contrast, the depth to 
red redoximorphic features remains the same in each of the landscape positions. As the 
water table is lowered, the soil profile becomes more oxygenated.  There is likely to be 
plenty of Fe(II) and Fe(III) available in the system, thus Fe(II) can move relatively short 
distances through diffusion and then oxidize in the portions of the profile that were once 
reduced, changing the matrix color.  Hayes and Vepraskas (2000) showed that the same 
process was occurring in a ditch drainage system: a fluctuating water table brings Fe(II) 
rich groundwater from upslope and, as it meets an oxygen rich zone, Fe(III) precipitates.   
A synthesized model of anthropedogenesis 
 Our model of anthropedogensis is that the intensity of impacts is proportional to 
the intensity of inputs.  Row crop agriculture has a relatively high intensity of inputs.  
These inputs create massive gradients in chemistry, energy, loads etc. across soil profiles.  
Thus the intensity of impacts is high.  Agricultural practices (anthropedogenesis) drive 
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the movement of matter deeper in the profile and/or downslope across landscapes (Figure 
3.4). Sediment moves across landscapes and downslope with erosion.  Tile drainage 
lowers the water table.  With fluctuating pH and water table depths, organic matter is 
translocated and carbonate minerals are dissolving and reprecipitating deeper in the 
profile and in downslope landscape positions.  
Conclusions 
 Short-term human activity is driving long-term soil change.  Anthropedogenesis is 
accelerating melanization, erosion, cumulization, oxidation and braunification, while also 
dissolving and translocating carbonates and organic matter and altering soil structure.   In 
most profiles, these impacts extend to at least 100 cm, whereas we speculate that in some 
profiles the impacts extend even deeper than the 150 cm that we sampled.  The intensity 
of impacts is proportional to the intensity of inputs.  The intensity of inputs has been 
high, and thus the impacts are drastic. Assuming the lack of the addition of energy, some 
of these soil changes are likely to be irreversible.  However, this study demonstrates that 
humans accelerate soil formation rates, and in so doing many of these soil changes could 
be reversible. It entirely depends on what energy and material gradients we create and—
perhaps most importantly—what soil ecology we create. 
32 
 
 
Figure 3.1. Comparisons of changes in soil properties across landscape positions, using the 
soil surface as the reference depth. 
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Figure 3.2. Comparisons of changes in soil properties across landscape positions, using the 
depth to gravels/contrasting texture as the reference depth. 
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Figure 3.3. Comparison of soil morphology using the depth to gravels/contrasting texture as 
the reference depth. 
 
 
Table 3.1. Changes in minimum depth (cm) to soil properties. Reference depth is the soil 
surface. 
Soil Property 1959 2007  Change Std. Error n P 
Gravels/Contrasting Texture 66 59 -7* 2 43 0.01 
Absence of Soil Structure 125 118 -7 5 49 0.14 
Granular Structure† 29 7  -22* 2 82 <0.01 
Blocky Structure 15 1  -14* 2 82 <0.01 
Mollic Colors† 45 45  0 3 81 0.94 
Grey Redoximorphic Features 76 95 +19* 5 56 <0.01 
Red Redoximorphic Features 80 76  -4 6 67 0.43 
Effervescence 110 110  0 5 52 0.99 
*Statistically significant change in depth to an alpha value of 0.1. 
†Maximum depth (cm) is reported for these soil properties. 
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Figure 3.4. A generalized model of agricultural anthropedogenic processes of material 
transport through soil profiles and across landscapes.  Arrows show the predominant 
direction of redistribution. 
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Chapter 4. Is soil really eroding at tolerable rates? 
Jessica J. Veenstra and C. Lee Burras 
 
 
A paper to be submitted to Journal TBD 
Introduction 
 The tolerable rate of soil erosion (T) was initially defined as the “the maximum 
level of soil erosion that will permit a high level of crop production to be sustained 
economically and indefinitely” (Wischmeier and Smith, 1965) and is now generally 
considered the erosion rate that can be “sustained economically and environmentally. ”  
This is crucial because T is the triple-point where science, policy and farming coalesce—
at least in the US.  When the science—through modeling—assesses a field’s erosion rate 
as below T, the policy of the USDA and the EPA is to consider it to be environmentally 
benign and farm program payments follow. Conversely, when erosion rates exceed T, the 
farmer is out of compliance. Yet T is a fuzzy factor being, basically, a number chosen 
almost at random by a committee of soil scientists in the 1950’s (Johnson, 1987; Kohnke 
and Bertrand, 1959). Since its inception there have been conversations in the soil science 
literature that question and debate the idea of T and the appropriateness of the number 
(maximum value 11.2 Mg/ha/yr or 5 T/Ac/yr), the real rate of soil formation and the 
resulting acceptable amount of soil loss (Alexander, 1988; Franzmeier, 1991; Johnson, 
1987; Montgomery, 2007; Stocking, 1978; Trimble and Crosson, 2000).  
Here we quantify actual soil erosion and sedimentation rates by determining 
changes in soil properties in 82 pedons in Iowa, most of which have been in row crop 
agriculture for approximately 140 years.  Why should someone outside of Iowa care 
about soil erosion rates there?  Iowa is a principal agricultural region of the world. Iowa 
has 0.7% of the world’s arable land (Bot et al., 2000) and 5.5% of the US prime farmland 
(Miller, 2010) and produces approximately 30 million calories per hectare annually.  The 
international export market for Iowa’s food and feed commodities is $8 to 10 billion 
annually (ERS, 2010).  Its food and feed are used worldwide.  Finally, Iowa is an 
important location for this study because the erosion rates we see in Iowa are likely to be 
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representative of what we would see in much of the US Corn Belt—and representative of 
other areas of the world that are increasingly growing maize/corn. 
Materials and Methods 
Each site was initially sampled and described by the National Cooperative Soil 
Survey (NCSS) between 1943 and 1963. These sites were chosen by the NCSS to be 
“representative pedons” and “type locations”—i.e. they are sites that represent the model 
consociation for each soil series as defined.  Soil series is the most specific category in 
US Soil Taxonomy; it is essentially the soil taxonomic equivalent to “species” in 
biological taxonomy.  For “type locations” the NCSS chooses sites with land use that 
represents the norm of the area and on landscape positions that they assume are unlikely 
to change. So, the slopes of the sampled sites range from 0 to 15% slopes, and the median 
slope is only 2%. As a result, our sampling protocol gave us soils that trend toward lower 
slopes than would be representative of Iowa overall.  
Depths to four benchmark soil features, depth of mollic soil colors, depth to 
effervescence, depth to gravels or contrasting texture, and the depth to the lack of soil 
structure were compiled for 82 pedons. Depth to mollic soil colors (Munsell color of the 
soil matrix, moist, with value and chroma ≤ 3, according to U.S. Soil Taxonomy, Soil 
Survey Staff, 1999) was determined for each genetic soil horizon in the pedon using a 
Munsell color book.  Depth to effervescence was determined as the reaction of the soil 
matrix with 10% HCl. The depth to gravels or contrasting texture was determined from 
texture by feel analysis.  Examples of contrasting textures are siltier textures over loamier 
textures or large increases (>15%) in clay content between two adjacent horizons.  The 
depth to the lack of soil structure was determined as the depth to the absence of and 
evidence of soil aggregation (Schoeneberger et al., 2002). We did not use the term 
“massive” because it seems to have changed over time.  Even though some horizons were 
originally described as having massive structure, the horizon descriptions often included 
references to “peds”.  For a more objective comparison, we went back through the 
descriptions to find the depth absence of structure (our own term), and recorded the depth 
to the lack of soil structure, “peds” or related words in the horizon descriptions.   We also 
did not use the depth to C horizon as a benchmark depth because of similar changes in 
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conventions and definitions.  For other site, soil sampling and soil description methods 
and information see Veenstra and Burras (2010, Chapter 2).   
In order to determine soil loss in Mg ha-1 yr-1, the original depth (
! 
dorig) to each 
benchmark feature was multiplied by the weighted average of the original bulk density 
data (
! 
"orig) and that was subtracted from the current depth (
! 
d
curr
) to each benchmark 
feature multiplied by the weighted average of the current bulk density data (
! 
"
curr
).   Then 
that difference was extrapolated to a per hectare basis and divided by the number of years 
between sampling dates. The calculation is outlined below: 
 
! 
dcurr  (cm)" #curr  (g/cm
3)( ) $ dorig (cm)"  #orig (g/cm3)( )( ) "
1 Mg
106g
"
10,000 cm2
1 ha
2007 -1959 (yr)
= Soil lost (Mg/ha/yr) 
 
Not all originally sampled sites recorded bulk density, so site averages were used  
(which represent 8 to 24 of the 82 sites depending on depth). 
Results and Discussion 
Soil on average in Iowa is reported to be eroding at rates considered tolerable 
(NRCS, 2007).  These numbers, however, are entirely based on models, with no 
corroborating field measurements.  More than a billion dollars of payments associated 
with federal farm programs are distributed annually based on the assumption that most of 
Iowa is in compliance (ERS, 2010).  However, with this study, our conservative estimate 
is that, in fact, erosion rates have been two times higher than the currently used T.  Our 
alternative estimate is erosion rates that are three to four times higher than T. 
Calculating Erosion Rates 
If much of Iowa is considered to be in compliance and if soil erosion is indeed 
occurring at tolerable rates—we should expect to see very little change in soil properties 
and solum depths.  The scientific question that has never been addressed in Iowa is: After 
approximately 50 years, how do we determine if soil has been gained or lost?  Our 
approach is two-fold.  First, to determine the change in soil profile depth, and second, we 
calculated the change as mass per area.  To determine changes in soil profile depth, we 
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used the locations of four benchmark features.  They include: depth of mollic soil colors 
(Munsell colors with value and chroma ≤ 3, moist, the defining feature of Mollisols in US 
Soil Taxonomy, Soil Survey Staff, 1999), depth to effervescence, depth to the lack of soil 
structure, and depth to gravels or contrasting texture.  Not all soils had all four properties 
for comparison but most had two or more.  Table 4.1 summarizes the changes in depth 
for each of the benchmarks and the number of pedons with each type of data for 
comparison.  When we quantify soil loss using these four properties as metrics, on 
average there is no change in depth to mollic soil colors or depth to effervescence, but 
both the depth to lack of soil structure and depth to gravels or contrasting texture is 7 cm 
shallower than it was 50 years ago (Table 4.1). 
As discussed, tolerable soil loss is measured as a mass of soil lost per area of land 
per year (Mg soil ha-1 yr-1, in the US: T ac-1 yr-1).  So, our second step was to calculate 
mass of soil lost or gained per area from each site over time.  We did this by using the 
changes in benchmark depths and multiplying that thickness by bulk density. We 
performed two calculations to determine the mass of soil lost or gained per hectare per 
year.  One calculation assumes that the bulk density did not change from the original over 
the sampling period. The other uses both the original and current bulk densities.  Bulk 
density decreased by 7 to 10% in the top 75 cm of soil after 50 years of agricultural land 
use (Veenstra and Burras, 2010, Chapter 2). The results of these calculations are shown 
in Table 4.1.   
The different benchmark depths and calculations result in erosion rates from 0 Mg 
soil ha-1 yr-1 to 46 Mg soil ha-1 yr-1. Although considering each of the benchmark depths is 
appropriate in quantifying erosion rates, some benchmarks are more stable in the soil 
profile than others.  Depths to mollic colors and effervescence are known to change via 
processes unrelated to erosion.  As a result, accepting the change in depth to 
effervescence measurements as indicating accumulation of soil necessitates added 
skepticism (Table 4.2).  Carbonate minerals—the cause of effervescence—dissolve to 
deep in the soil profile with the acidification (Veenstra and Burras, 2010, Chapter 3) 
caused by regular N fertilizer addition (Court et al., 1962; Duisberg and Bueher, 1954), 
which these sites routinely receive at high rates.  Additionally, the redistribution and 
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precipitation of carbonates tend to change soil structure deep in the soil profile.  Changes 
in crop rotations and tillage practices result in changes in rooting amounts and depths, 
and then drive changes in depth of soil structure as well (Veenstra and Burras, 2010, 
Chapter 3).  Thus the depth to lack of structure can be subject to processes other than 
erosion over relatively short periods of time.   
Returning to the depth of mollic colors, the most sensitive benchmark to 
change(Smith, 1986; Soil Survey Staff, 1999), it is highly susceptible to processes other 
than erosion. Regular tillage and periodic deep tillage mixes dark mollic-colored soil 
deeper into the profile, masking losses of mollic-colored soil due to erosion  (Veenstra 
and Burras, 2010, Chapter 3). The drawbacks with effervescence and mollic colors help 
to illustrate why depth to gravels or contrasting texture is our preferred benchmark.  
These features are far less subject to forces and processes that would change their 
absolute elevation over short periods of time. Therefore, a change in any one of their 
depths represents gains or losses in soil depth.  
One problem with the overall averages (Table 4.1), however, is that they include 
both “gaining” and “losing” hillslope positions. A better measure of soil loss is to exclude 
the sediment-gaining footslope and toeslope positions. Because, if we include these 
“gaining” landscape positions, we know that average erosion rates are diluted. When we 
evaluate erosion rates across all hillslope positions (Table 4.2), different benchmark 
properties predict different trends in erosion and sedimentation rates across the hillslope. 
In all hillslope positions, depth to benchmarks indicates soil loss from as high as 113 Mg 
soil ha-1 yr-1 (backslope, depth to effervescence), to sedimentation rates and/or new soil 
formation rates as high as 126 Mg soil ha-1 yr-1 (foot/toeslope, depth to mollic colors, 
Table 4.2). Thus, we think that the best estimate of actual erosion rates are those 
calculated from the depth to gravels or contrasting texture in the “losing” landscape 
positions (-22 to -38 Mg soil ha-1 yr-1, Table 4.3) which is two to three times the tolerable 
rate.  Given our sampling protocol on relatively low stable slopes, we surmise that 
average rates across all of Iowa should, in fact, be higher, possibly much higher. 
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Highly Erodible Land  
To illustrate the last point, we examined our 26 sites that are classified as Highly 
Erodible Land (HEL) or potentially HEL (Table 4.4, ISPAID, 2006). HEL is a policy 
designation for soils considered likely to erode at rates greater than eight times the 
tolerable rate. Twenty-eight percent of Iowa’s cropland is classified as HEL.  Table 4.5 
shows higher erosion rates (-23 to -58 Mg soil ha-1 yr-1) in HEL and potentially HEL than 
the overall average for Iowa, but not the extreme 8T, (88 Mg soil ha-1 yr-1) that is 
projected by the Natural Resource Conservation Service (NRCS, 2003).  This suggests, 
perhaps, that the conservation measures that farmers are required to implement have 
some level of effectiveness, but not enough to reduce erosion rates below T.  
When we remove HEL and potentially HEL and assume constant bulk density, all 
of the benchmark depths except depth to lack of structure show that soils are eroding 
within tolerable rates.  But if we accept bulk density changes, only depth to mollic colors 
indicates a soil loss within tolerable rates (Table 4.6).  Given the preceding, our soil 
erosion rates could be within tolerable rates, on average, in sites that are not categorized 
as HEL. 
Soil Loss and Yield Loss  
A critical question from a purely agronomic perspective is does it really matter 
that soils are changing, as long as yield technology keeps pace or surpasses the effects of 
soil loss?  We ask because yields have increased in Iowa at about 1% per year since the 
1960’s (Miller, 2010). Fenton et al. (2005) model that the critical depth of mollic colors 
(a proxy for A horizon depth) to support corn yields is 18 cm.  Their model predicts even 
in the backslope position—where our depth of mollic colors decreases from 50 to 35 cm 
(-15 cm)—the expected yield loss would be less than 3%.  If erosion rates stay the same, 
average losses 0.3 cm/year, then we have another approximately 60 years before those 
soils would have A horizons that are less than 18 cm thick.   And according to Fenton et 
al.’s assumptions, we would not see any significant yield losses on those soils until then.  
This really shows the “stock resiliency” of Iowa soils, if we assume mollic colors are 
critical.  Given our data and interpretation that many soil properties have changed and 
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that yield is a function of many properties, we are skeptical that the depth of mollic colors 
is the best feature (Veenstra and Burras, 2010, Chapter 2). 
Summary 
We think that the best estimate of actual erosion rates on our sites are two to three 
times the tolerable rate.  Given our sampling protocol on relatively low stable slopes, we 
surmise that average rates across all of Iowa—and indeed much of the Corn Belt—
should, in fact, be higher, potentially much higher.   
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Table 4.1. Changes in depth of benchmark soil properties and corresponding erosion rates. 
Erosion Rate 
Soil Property ∆ Depth 
(cm) 
P mm 
yr-1 
Mg soil 
ha-1 yr-1a 
Mg soil 
ha-1 yr-1b 
n 
Mollic Colors 0 0.94 0 0 -11 81 
Effervescence 0 0.99 0 0 -18 53 
Gravels/Contrasting Texture -7** <0.01 -1.3 -21 -44 44 
Lack of Structure -7* 0.14 -1.8 -21 -46 51 
aAssuming no change in bulk density over the sampling period. 
bCalculated using original and current bulk densities. 
**The change in depth is significant to alpha<0.1. 
 
Table 4.2.  See next page. 
 
Table 4.3. Changes in depth of benchmark soil properties and corresponding erosion rates 
excluding the “gaining” hillslope positions (foot/toeslope). 
Erosion Rate 
Soil Property ∆ Depth 
(cm) 
P mm 
yr-1 
Mg soil 
ha-1 yr-1a 
Mg soil 
ha-1 yr-1b 
n 
Mollic Colors -3 0.23 -0.6 -9 -19 72 
Effervescence -2 0.73 -0.3 -6 -34 47 
Gravels/Contrasting Texture -7** <0.01 -1.4 -22 -38 41 
Lack of Structure -10** 0.03 -2.4 -30 -61 42 
aAssuming no change in bulk density over the sampling period. 
bCalculated using original and current bulk densities. 
* The change in depth is significant to alpha<0.2. 
**The change in depth is significant to alpha<0.1. 
 
 
Table 4.2. Changes in depth of benchmark soil properties and corresponding erosion rates 
for four hillslope positions (summit, shoulder, backslope and foot/toeslope).  
Hillslope Position Summit Shoulder 
Erosion Rate 
(Mg soil ha-1 yr-1) 
Erosion Rate 
(Mg soil ha-1 yr-1) Soil Property ∆ Depth 
(cm) 
P 
a b 
n ∆ Depth 
(cm) 
P 
a b 
n 
Mollic Colors +3 0.30 +9 -3 25 0 0.95 0 -9 16 
Effervescence +11* 0.17 +33 +16 13 +10* 0.11 +30 +15 12 
Gravels/Contrasting 
Texture -9** 0.07 -27 -38 12 -5 0.24 -15 -23 13 
Lack of Structure -14 0.22 -42 -70 10 -1 0.87 -3 -23 15 
Hillslope Position Backslope Foot /toeslope 
Erosion Rate 
(Mg soil ha-1 yr-1) 
Erosion Rate 
(Mg soil ha-1 yr-1) Soil Property ∆ Depth (cm) P 
a b 
n ∆ Depth (cm) P 
a b 
n 
Mollic Colors -15** 0.05 -45 -55 18   +42** 0.04 +126 +122 8 
Effervescence -28** 0.08 -84 -113 14   +19** 0.09 +57 +46 5 
Gravels/Contrasting 
Texture -12** 0.04 -36 -49 9 +5 0.56 +15 0 2 
Lack of Structure -24** 0.04 -72 -101 9 +12 0.52 +36 -25 7 
aAssuming no change in bulk density over the sampling period. 
bCalculated using original and current bulk densities. 
**The change in depth is significant to alpha<0.1. 
* The change in depth is significant to alpha<0.2. 
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Table 4.4. Soil series classified as Highly Erodible Land (HEL) and potentially HEL. 
Highly Erodible Land 
Soil Series 
Potentially Highly Erodible Land 
Soil Series 
Adair Coggon 
Arbor Cresco 
Clarinda Lourdes 
Clearfield Riceville 
Ladoga  
Monona (>5% slopes)  
Olmitz (>5% slopes)  
Shelby  
19 sites total (23%) 7 sites total (9%) 
 
 
Table 4.5. Changes in depth of benchmark soil properties and corresponding erosion rates 
in soil series classified as HEL and potentially HEL (foot/toeslope excluded). 
Erosion Rate 
Soil Property ∆ Depth (cm) P mm yr-1 
Mg soil 
ha-1 yr-1a 
Mg soil 
ha-1 yr-1b 
n 
Mollic Colors -8** 0.04 -1.5 -23 -30 23 
Effervescence 0 0.98 -0.2 1 -28 19 
Gravels/Contrasting Texture -16** <0.01 -3.1 -49 -58 11 
Lack of Structure -8 0.35 -1.6 -23 -55 13 
aAssuming no change in bulk density over the sampling period. 
bCalculated using original and current bulk densities. 
**The change in depth is significant to alpha<0.1. 
 
Table 4.6. Changes in depth of benchmark soil properties and corresponding erosion rates 
in all soil series not classified as HEL and potentially HEL (foot/toeslope excluded). 
Erosion Rate 
Soil Property ∆ Depth 
(cm) 
P mm 
yr-1 
Mg soil 
ha-1 yr-1† 
Mg soil 
ha-1 yr-1†† 
n 
Mollic Colors -1 0.85 -0.1 -3 -4 49 
Effervescence -4 0.65 -0.7 -12 -29 28 
Gravels/Contrasting Texture -4** 0.09 -0.7 -11 -29 30 
Lack of Structure -11** 0.05 -2.8 -33 -50 29 
aAssuming no change in bulk density over the sampling period. 
bCalculated using original and current bulk densities. 
**The change in depth is significant to alpha<0.1. 
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 Chapter 5. Effects of agriculture on the classification of Black Soils in 
the Midwestern United States 
Jessica J. Veenstra and C. Lee Burras 
 
A paper to be submitted to the Canadian Journal of Soil Science 
Abstract 
Soil surveys are generally treated as static documents, the assumption being that 
pedons surveyed 30 to 50 years ago represent today’s soils.  This occurs even as many 
studies have shown soils change on much shorter time scales. This change is perceived to 
be limited to the soil surface and pedologically insignificant.  In this study, we look at 
how agricultural land use, especially corn and soybean production, has altered soil 
properties as well as classification to a depth of 150 cm.  We resampled 82 pedons in 
Iowa, United States, with historical descriptions and laboratory data and performed the 
same analyses in order to quantify how soils across Iowa have been transformed. Using 
the historical and current data, we classified the sampled pedons using Canadian Soil 
Taxonomy, U.S. Soil Taxonomy and the Food and Agriculture Association World 
Reference Base (FAO-WRB).  Classification is changing.  In each of the taxonomic 
systems, the classification of 60% or more of the sampled pedons was different from the 
original in at least one level of the hierarchy.  Fifteen to 32% of sampled pedons changed 
at the Order (or equivalent) level with 11% to 33% of the pedons originally classified as 
Black Soils — Mollisols, Chernozems or Phaeozems — no longer classified as Black 
Soils.  This degree of difference causes us to question the validity and usefulness of a) 
treating existing soil maps as static documents and b) traditional classification 
hierarchies.   
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Introduction  
Soil surveys are treated as static documents, with users—i.e. farmers, government 
officials, etc.—assuming what was surveyed there 30 to 50 years ago is representative of 
what is there today.  If that assumption holds true, once the entirety of the world is 
mapped, our job is done; the soil survey efforts can be disbanded.  Nevertheless several 
studies have shown that soils change on much shorter time scales (Anderson and 
Browning, 1949; Barak et al., 1997; Barnes et al., 1971; Bouma and Hole, 1971; Bouman 
et al., 1995; Coote and Ramsey, 1983; David et al., 2009; Davies et al., 1972; Greenland, 
1977; Jenkinson, 1991; Johnston, 1986; Kashirad et al., 1967; Khan et al., 2007; Mann, 
1985; Mann, 1986; Martel and Mackenzie, 1980; Meints and Peterson, 1977; Mulvaney 
et al., 2009; Pidgeon and Soane, 1978; Sandor and Eash, 1991; Skidmore et al., 1975; van 
Bavel and Schaller, 1950; Van Cleve and Moore, 1978, Veenstra and Burras, 2010, 
Chapter 2).  These changes are assumed to be unimportant in terms of the fundamental 
classification of the soil.  However, changes in soil color, pH, cation exchange capacity 
(CEC), base saturation, and depth to carbonates are just a few of the soil changes that 
could cause changes in soil classification. 
Black Soils—Chernozems, Kastanozems, Mollisols, or Phaeozems, depending on 
the classification system—are particularly common in the Central Plains of North 
America.  Black Soils are characterized by thick, dark, organic matter rich surface 
horizons and relatively high base saturation in the profile (CanSIS, 1998; Fenton, 1983; 
Soil Survey Staff, 1999; WRB, 2007, Table 5.1).  They are the most common soil order 
in the US, (21.5% of the ice-free land area, Soil Survey Staff, 1999).  They are also the 
most commonly used soil order for agriculture in the US; 25% of Mollisol land area is 
used for cropland agriculture (Amundson et al., 2003).  
With increased erosion rates associated with agricultural land use (Montgomery, 
2007), Black Soils are also exceptionally at risk to classification changes, because their 
diagnostic feature is at the surface (Smith, 1986). Amundson et al. (2003) define 
endangered soils as soil series that have lost 50% of their land area and are rare (represent 
less than 10,000 ha) or unique (occur only in one state).  Soil series is the most specific 
category in soil classification; it is essentially the soil taxonomic equivalent to “species” 
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in biological taxonomy.   Even though Midwestern states have average levels of soil 
series diversity, they make up 6 of the top 10 states in terms of abundance of endangered 
series (Amundson et al., 2003).  This is largely because of the high proportion of 
agricultural land use in the Midwestern US. 
Our objective with this study is to evaluate the effects of 50 years of agricultural 
soil change on the classification of 82 pedons in Iowa using the Canadian, US and FAO-
WRB systems of soil taxonomy.  Iowa is a fantastic place for this study because a) we 
live here b) it has an incredible pedological history including work of G.D. Smith, R.W. 
Simonson and R.W. Arnold, and c) embodies both Mollisols and Midwestern agricultural 
practices. 
Materials and Methods 
Historical Database of Soil Properties  
 The National Cooperative Soil Survey has been surveying and cataloging soils 
from across the nation since 1899.  Soils across the country have been mapped and 
classified to the soil series level (Soil Survey Staff, 1999).  Throughout this time, soil 
series and their associated descriptions is the one classification level that has remained 
relatively consistent (Soil Survey Staff, 1975).  For each soil series that is present in each 
county in the US there is a “type location”, a specific location that is considered the 
representative example of that particular series in that county.  For these sites, there is a 
database of soil information with data from Iowa that began in 1943. We chose to 
evaluate any site that was described between 1943 and 1963 (SCS, 1966; SCS, 1978) that 
included specific public land survey system locations.  We chose to sample all of the 
pedons with data available, not just Mollisols, because some pedons could evolve into 
Mollisols over time.   
Using ArcGIS, GPS and 1930’s aerial photos, we were able to relocate the 
original representative sites, and we sampled them again in 2007 or 2008. Thus, we are 
assessing approximately 50 years of change. Eighty-two representative pedons, or type 
locations from the National Cooperative Soil Survey database were sampled in 21 
counties across Iowa (Figure 1.2).  These pedons were described using standard soil 
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survey methods (Schoeneberger et al., 2002; Soil Survey Staff, 1996).  For a full 
discussion of the sampling and description methods and the associated changes in each of 
the measured soil properties, see Veenstra and Burras (2010, Chapter 2). 
Land Use 
The bulk of European-style agriculture in Iowa began between 1850 and 1870 
(Thompson, 1989).  Thus, most of this area has been farmed for more than 140 years.  
Currently, land use in this region continues to be primarily agricultural, with corn and 
soybean as the major crops, while alfalfa, oats and wheat are minor crops. Seventy-four 
percent of the total land area of the state is used for row crop agriculture. Fourteen 
percent is in pastureland, federal land or conservation reserve, 4% in woodland, and the 
remaining 8% consists of urban areas and water bodies (Miller, 2010). Of the 82 sampled 
pedons, 79 of the sites were in some sort of row crop production for part or all of the time 
between the original sampling date and the current sampling date.  The other three were 
forested throughout that time. 
Classification 
 Using the original and current descriptions and laboratory data, each of the 82 
pedons were classified using Canadian, US and FAO-WRB Soil Taxonomy to determine 
the changes in soil classification after 50 years of largely agricultural land use.   
Canadian Soil Taxonomy 
 Canadian Soil Taxonomy is divided into four hierarchical levels: Order, Great 
Group, Subgroup and Family (CanSIS, 1998). An example family taxonomic name is: 
Gleyed Calcareous Black Chernozem, fine-silty, mixed, cool, humid family, where 
Chernozem is the Order, Black Chernozem is the Great Group and Gleyed Calcareous 
Black Chernozem is the subgroup.   
In order to key out our sampled soils using the Canadian system, we made the 
following assumptions.  First, for pedons without base saturation data, we assumed that 
the base saturation in the soil surface horizons was more than 80% (which is the defined 
lower limit for Chernozem).  Second, the Canadian system divides Great Groups of 
Chernozems by dry color.  We only recorded moist color.  Therefore, to convert moist 
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colors to dry colors, we added one unit to the Munsell moist value (Soil Survey Staff, 
1993).  Third, this system divides Great Groups of Brunisols by pH in CaCl2.  We 
performed pH measurements in water.   To account for this difference in method, we 
redefined the cutoff between Melanic and Sombric Brunisols as a pH of 5.8 in water 
instead of a pH of 5.5 in CaCl2 (Foth and Ellis, 1996).  And fourth, for the family 
classification, which consists of particle size, mineralogy and climate information (for the 
soils common in Iowa), we assumed that particle size class would be the only portion of 
the family classification that could potentially change, because the climate classification 
has not changed and there are no original mineralogy data for comparison. 
US Soil Taxonomy 
US Soil Taxonomy is divided into five hierarchical levels: Order, Suborder Great 
Group, Subgroup and Family (Soil Survey Staff, 1999). An example family taxonomic 
name is: Fine-silty, mixed, mesic, superactive Aquic Hapludoll, where Mollisol is the 
Order (signified by the –oll suffix), Udoll is the suborder, Hapludoll is the Great Group 
and Aquic Hapludoll is the subgroup.  For this classification system, we assumed that 
base saturation was greater than 50% in the pedons without base saturation data, and that 
particle size class would be the only portion of the family classification that could 
potentially change in the 50-year period. 
FAO-WRB 
 The FAO-WRB is divided into 32 Reference Soil Groups (RSG), to which prefix 
and suffix qualifiers are added (WRB, 2007).  An example taxonomic name is: Pisocalcic 
Endogleyic Chernozem (Anthric, Siltic), where Chernozem is the RSG, Pisocalcic and 
Endogleyic are the prefixes, and Anthric and Siltic are the suffixes. For the FAO-WRB 
system, in the pedons without the appropriate laboratory data, we assumed that base 
saturation was greater than 50% and that CEC was greater than 24 cmol(+) kg-1. 
Defining characteristics of Black Soils 
 Table 5.1 is a summary of the defining characteristics of Black Soils in each of 
the three classification systems.  The main diagnostic feature is a thick, dark surface 
horizon with Munsell color value and chroma <3.5 in the Canadian system or ≤3, moist 
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in the US or FAO-WRB.  We will refer to these dark colors as “mollic colors” throughout 
the remainder of this paper. 
Results  
Diversity of pedons sampled  
The majority of the 82 sites sampled were originally classified as Black Soils in 
each of the taxonomic systems (Table 5.3).  The remaining pedons were classified as 
soils with subsurface clay accumulation (Luvisols or Alfisols), minimal B horizon 
development (Brunisols, Inceptisols or Cambisols) or evidence of reducing conditions 
within 50 cm of the soil surface (Gleysols, Canadian System)  (Table 5.4).  There were 
also two Fluvisols (FAO-WRB) and one Vertisol (Table 5.3).   
Classification change by hierarchical level  
 More than 60% of the pedons sampled had some sort of change in classification at 
any one of the hierarchical levels in all of the taxonomic systems we examined (Table 
5.2).   Fifteen to 32% of the pedons sampled changed at the most fundamental taxonomic 
level, order in Canadian and US Soil Taxonomy and RSG in the FAO-WRB (Table 5.2).  
The majority of changes at the order or RSG level are associated with Black Soils (Table 
5.3).  The abundance of Black Soils decreased by as little as 5% using the Canadian 
system and as much as 15% using the FAO-WRB in the time between sampling dates.  
This variation is a simple product of definition.  The Canadian system defines 
Chernozems as having a surface horizon with 10 cm or more of Munsell colors with a 
value and chroma <3.5, moist.  Whereas the FAO-WRB is at the opposite end of the 
spectrum, requiring a surface soil horizon of 20 cm or more of Munsell colors with a 
value and chroma ≤ 3, moist (mollic colors).  
Kimble et al. (1999) found even higher levels of Black Soil loss.  By comparing 
erosion classes of 208 Mollisols in Iowa, they found that 32% of sites sampled were no 
longer classified as Mollisols according to the thickness of mollic epipedon.  Twenty-
seven to 71% of the original mollic epipedon had been eroded (Kimble et al., 1999).  This 
result would be expected because they somewhat biased their sampling by choosing 
moderate and severe erosion classes.  In contrast, by using what the National Cooperative 
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Soil Survey defines as representative pedons, we sampled the sites that are assumed to be 
stable and not subject to significant erosion and classification change.   
Significant properties in all taxonomic systems 
 We found four major features to be key in classification for our pedons.  These 
are mollic colors, redoximorphic features, depth to carbonates and the presence or 
absence of a clay-enriched B horizon.  Thickness of mollic colors is responsible for about 
half of the pedons change in classification in the FAO-WRB and US Soil Taxonomy 
(only 7% in the Canadian Soil Taxonomy).  Mollic horizon thickness is the major 
diagnostic feature defining Black Soils at the Order or RSG level.  However, the presence 
or absence of very thick mollic horizons can also contribute to changes at the subgroup 
level in US Soil Taxonomy (Cumulic, ≥40 cm; Pachic, ≥50 cm) and the suffix in FAO-
WRB (Pachic, ≥50 cm).   
 Changes in depths to redoximorphic features affected whether or not the pedon 
was classified as Gleysol Order in the Canadian and FAO-WRB taxonomic systems.  It 
also affects whether or not a pedon is classified in the Gleyed subgroup (Canada), Aquic 
subgroup (US) or Endogleyic prefix (FAO-WRB).  In the US system, depth to redox 
features could also affect a change in the suborder (i.e. Aquoll to Udoll).   
Change in depths to effervescence and secondary carbonates also caused changes 
in classification in the Canadian and FAO-WRB systems. In the FAO-WRB, the presence 
of secondary carbonates within 50 cm of the base of the mollic horizon is the key 
diagnostic feature that differentiates between a Chernozem and a Phaeozem. The 
presence or absence of secondary carbonates within 100 cm of the soil surface also 
determines whether or not the Pisocalcic prefix is used.  In Canadian Soil Taxonomy, 
depth to effervescence determines whether or not the Calcareous subgroup was used. US 
Soil Taxonomy does not use depth to effervescence or carbonates to differentiate between 
the categories in which the sampled soils are classified. 
The presence or absence of a clay-enriched B horizon, (Bt, argillic or argic 
horizon) was also an important factor in keying out the sampled soils.  However, it was 
not a property that changed very often.   
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Comparison of three taxonomic systems 
Using Canadian Soil Taxonomy, the changes at the Order level were because of a) 
deepening of redoximorphic features (4 pedons) b) thickness of mollic colored soil (3 
pedons) and c) decreases in base saturation (5 pedons).  These sites represent a third of 
the sites for which we have base saturation data.  Therefore, more sites likely have 
changed classification based on base saturation. Ninety percent of the changes at the 
Great Group level had to do with subtle changes in surface soil color.  A change of 1 unit 
of Munsell color value changes the Great Group from Dark Brown to Brown to Black 
Chernozems in the Canadian system.  Changes in Subgroup had to do with changes in 
depths to redox features or presence or absence of carbonates (Table 5.5).  Decreases in 
pH and decreases in total carbon also changed the taxonomy in a few pedons (Table 5.6). 
More than half of the changes in classification using US Soil Taxonomy were 
associated with changes in depths of mollic colors.  All of the changes in soil order were 
related to gains or losses of mollic colored soil.  Changes in depth to redoximorphic 
features were responsible for all of the changes at the Suborder level.  The changes at the 
Great Group level were related to the presence or absence of an argillic horizon.  The 
majority of Subgroup changes were related to thickness of mollic epipedon and depth to 
redox features. 
In the FAO-WRB taxonomic system, about half the changes at the RSG level 
were related to change in thickness of mollic horizons, and the other half were related to 
change in depths to secondary carbonates.  
Discussion 
 On the surface, the three taxonomic systems appear to be very different, but with 
the soils we sampled, classification was really based on thickness of mollic colors, depth 
to redoximorphic features, depth to carbonates and presence or absence of a clay-
enriched B horizon.  Each system focused more on one feature than another. Specifically, 
mollic epipedon thickness is very important in the US system, depth to secondary 
carbonates and mollic horizon thickness in the FAO-WRB, and surface soil color and 
depth to redoximorphic features in the Canadian system.  
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 In summary, despite the fact that taxonomic systems are designed to be resilient and 
unaffected by short-term soil change, soil classification is changing in Iowa with 
agricultural land use.  Thus, existing soil maps increasingly may not represent what is on 
the ground today, nor what will be there in the future.  This causes us to conclude that the 
veracity of soil maps diminishes over time.   We advocate a dynamic soil properties 
database. 
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Table 5.1. Specific characteristics of Black Soils as defined by three different systems of soil 
taxonomy. 
 Canadian US FAO-WRB 
Classification Chernozem Mollisol Chernozem Kastanozem Phaeozem 
Munsell colors value and chroma <3.5, moist 
value and chroma 
≤3, moist 
value ≤3 and 
chroma ≤2, moist 
value and chroma 
≤3, moist 
value and chroma 
≤3, moist 
Carbon content 
1-17% 
C:N ratio <17 >0.6% >0.6% >0.6% >0.6% 
Base Saturation >80% >50% >50% >50% >50% 
Minimum thickness 10 cm 18 cm 20 cm 20 cm 20 cm 
Depth to secondary 
carbonates N/A N/A 
within 50 cm 
below the base of 
the mollic horizon 
within 50 cm 
below the base of 
the mollic horizon 
N/A 
 
 
Table 5.2. Percent of sampled pedons that show a change in different levels of soil 
classification after approximately 50 years of agricultural land use (n = 82). 
 
Canadian 
Taxonomy 
US 
Taxonomy 
FAO-WRB 
Order 15% 19% RSG 32% 
Suborder N/A 26% Prefix 47% 
Great Group 49% 32% Suffix 37% 
Subgroup 62% 56%   
Family 66% 60% At least one change 67% 
 
 
Table 5.3. Change in the percent of sampled pedons that are classified as Black Soils in 
three different systems of soil taxonomy (n = 82).  
 Canadian US FAO-WRB 
Classification Chernozem Mollisol Chernozem Kastanozem Phaeozem 
Originally (~1959) 84% 78% 18% 0% 60% 
Currently 
(~2007) 80% 70% 13% 0% 54% 
No longera -9% -13% -11% 0% -15% 
Newlyb +5% +5% +6% 0% +9% 
aPercent of sampled pedons that are currently not classified as Black Soils but were originally. 
bPercent of sampled pedons that were not originally classified as Black Soils but are now.   
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Table 5.4.  Diversity of pedons sampled in terms of the original fundamental classification 
level (Order or RSG) (n=82).  
Canadian US FAO-WRB 
Order  Order  RSG  
Defining Characteristics 
Chernozem 84% Mollisol 78% Phaeozem 60% See Table 5.1 
    Chernozem 18% See Table 5.1 
Luvisol 4% Alfisol 17% Luvisol 16% Subsurface clay accumulation 
Gleysol 9%     Specific redox features and gleyed colors within 50 cm of the soil surface 
Brunisol 2% Inceptisol 4% Cambisol 3% Minimal B horizon development 
Vertisol 1% Vertisol 1% Vertisol 1% Cracking, shrink-swell clays, slickensides 
    Fluvisol 2% Evidence of fluvial deposits within 25 cm of the soil surface 
 
Table 5.5. Example changes in soil classification in Canadian, US and FAO-WRB Soil 
Taxonomy after 50 years of agricultural land use. 
Canadian US FAO-WRB 
Change in thickness of mol l ic colored soi l 
Order 
Chernozem 
=> Luvisol 
=> Brunisol 
=> Regosol 
 
Order 
Typic Argiudoll  
<=> Mollic Hapludalf 
Typic Hapludoll  
=> Typic Eutrudept 
Subgroup 
Pachic Hapludoll  
<=> Typic Hapludoll 
 
RSG  
 Luvisol  
<=> Chernozem 
<=> Phaeozem 
Phaeozem  
=> Regosol 
Prefix  
+ Colluvic 
Suffix 
 ± Pachic 
Change in depth to redox features 
Order 
Gleysol  
=>Chernozem 
Subgroup 
 ± Gleyed 
Udollic Endoaqualf  
=> Aquic Argiudoll 
Aquic Hapludoll  
=> Cumulic Hapludoll 
Typic Endoaquoll  
=> Aquic Hapludoll 
Prefix 
± Endogleyic 
Change in depth to carbonates 
Subgroup 
 ± Calcareous 
N/A 
Order 
Chernozem  
<=> Phaeozem 
Prefix 
 ± Pisocalcic 
=> Classification changes in one direction, i.e. a Chernozem became a Luvisol. 
<=> Classification changes in both directions, i.e. a Chernozem became a Luvisol or vice versa. 
± A subgroup, prefix or suffix was either added or subtracted, i.e. a Gleyed Chernozem became an Orthic Chernozem or vice versa.  
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Table 5.6. Other changes in classification specific to Canadian Soil Taxonomy. 
Property Resulting change in classification 
Change in surface soil color Black Chernozem <=> Dark Brown Chernozem 
Dark Gray Chernozem => Black Chernozem 
Decrease in pH Melanic Brunisol => Sombric Brunisol 
Decrease in Total C Gray Brown Luvisol => Gray Luvisol 
 
 
 
Figure 5.1. Word cloud showing most common words used in the taxonomic names of the 
82 pedons sampled in the three taxonomic systems. (Courtesy www.wordle.net.) 
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Chapter 6. General Conclusion 
 
The preceding four chapters of this dissertation document that the soils of Iowa 
have been and are likely to still be changing rapidly.  Some of these changes could be 
hazardous for future land use, in that, erosion rates are high, granular structure and 
organic matter in the surface horizons has been lost and soils have acidified.   Other 
changes are relatively benign or could benefit future land use: e.g. bulk density is lower, 
grey redoximorphic features are disappearing, and carbonates are dissolving and 
reprecipitating elsewhere. In sum, these accelerated rates of soil change are evidence of 
the incredible power humans have to transform our environment.   This means that if 
agricultural practices continue as they stand, the corresponding trends of soil change are 
likely to continue as well.  Alternatively if a new set of agricultural practices and 
approaches to energy inputs become common, many of the soil changes that I have 
documented could be reversed.  This dissertation is a statement of one simple idea: soil 
changes rapidly with human land use.  
 With these anthropogenic changes in soil properties, there are corresponding 
changes in soil classification.  But these changes in classification very rarely capture the 
changes in soil properties that would affect potential land use. This causes us to question 
the usefulness of these classification systems that divide and subdivide soils into groups 
that change over the short term, and aren’t particularly useful in informing the public of 
potential land use benefits or limitations.   
 With the multiple changes in soil properties, we also realize that in soil science, we 
don’t really have a static reference depth from which to measure soil change.   This is a 
simple albeit profound point.  It means we had to critically examine: How then do we 
measure changes in solum depth?  We recommend the depth to a static soil property.  In 
our case, it was generally gravels or a distinctly contrasting texture.  But given not all 
soils—not even all of our soils—have such a static feature, how, then, do we measure 
erosion rates and trust them?   
 To summarize my one simple and critical point once more: We found that soils are 
incredibly dynamic systems.  But while this is—at least according to my major 
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professor—a profound and important finding, it still leaves me with many, many 
questions.  For example, how do we—as scientists at a leading university—capture, 
catalog and understand this incredibly dynamic system in an efficient and useful way? 
And, philosophically, if I am left with so many questions and so few answers, what good 
is the work that I have done? 
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Appendix 
 
Table 7.1 Reference depths for each pedon. 
Site  County  Soi l  Ser ies 1959  2007  Property used for compar ison  
56-1 Shelby Adair   N/A 
56-2 Shelby Adair   N/A 
69-1 Adair Arbor 48 16 gravel 
69-2 Adair Arbor 58 33 gravel 
9-6 Howard Bonair 38 18 gravel (originally described as a pebble band) 
9-7 Howard Bonair 38 15 gravel (originally described as a pebble band) 
56-3 Shelby Clarinda   N/A 
92-1 Taylor Clearfield   N/A 
52-3 Linn Clyde 69 45 gravel (originally described as a stone line) 
30-5 Bremer Coggon 38 46 gravel (originally described as a pebble band) 
31-22 Woodbury Colo   N/A 
31-35 Woodbury Cooper 51 33 "light" silty clay loam over clay 
9-10 Howard Cresco 46 39 gravel (originally described as a pebble band) 
9-11 Howard Cresco 64 33 gravel 
38-1 Grundy Dinsdale 76 76 gravel 
8-7 Mitchell Donnan 56 52 gravel (originally described as a pebble band) 
14-3 Clay Everly 56 50 gravel 
14-4 Clay Everly 41 43 gravel 
21-1 Clayton Fayette   N/A 
52-10 Linn Fayette   N/A 
8-4 Mitchell Floyd 64 74 loam over sandy loam 
52-8 Linn Franklin 97 89 silty clay loam over sandy clay loam 
31-26 Woodbury Haynie 41 45 silt loam over loamy very fine sand 
31-1 Woodbury Judson   N/A 
30-6 Bremer Kenyon 25 24 gravel (originally described as a stone line) 
30-7 Bremer Kenyon 46 46 gravel and cobbles 
52-1 Linn Kenyon 86 73 gravel (originally described as a stone line) 
30-1 Bremer Klinger 79 80 gravel (originally described as a stone line) 
30-2 Bremer Klinger 84 92 gravel (originally described as a stone line) 
70-1 Madison Ladoga 20 15 "light" silt loam over "heavy" silty clay loam 
31-37 Woodbury Lawson 137 128 silt loam over loam with coarse sand and gravels 
9-8 Howard Lourdes 48 29 gravel 
9-9 Howard Lourdes 38 26 gravel 
69-3 Adair Macksburg   N/A 
70-2 Madison Macksburg   N/A 
74-1 Keokuk Mahaska   N/A 
75-3 Washington Mahaska   N/A 
13-1 O'Brien Marcus 135 117 gravel (originally described as a pebble band) 
14-5 Clay Marcus 104 75 gravel 
67-1 Potawattamie Marshall   N/A 
9-4 Howard Marshan 69 80 silt loam over sandy clay loam 
55-11 Harrison Monona   N/A 
55-12 Harrison Monona   N/A 
55-13 Harrison Monona   N/A 
55-9 Harrison Monona   N/A 
38-2 Grundy Muscatine   N/A 
51-1 Benton Muscatine   N/A 
55-16 Harrison Napier   N/A 
55-17 Harrison Napier   N/A 
69-6 Adair Olmitz   N/A 
69-7 Adair Olmitz   N/A 
10-1 Winneshiek Ossian   N/A 
74-2 Keokuk Otley   N/A 
75-4 Washington Otley   N/A 
13-2 O'Brien Primghar 112 111 gravel (originally described as a pebble band) 
14-6 Clay Primghar 107 96 gravel (originally described as a stone line) 
9-14 Howard Protivin 46 49 gravel 
9-15 Howard Protivin 38 41 gravel 
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Table 7.1 Reference depths for each pedon (continued). 
30-3 Bremer Readlyn 43 52 gravel 
9-12 Howard Riceville 41 48 gravel 
9-13 Howard Riceville 39 38 gravel 
14-7 Clay Sac 71 82 gravel 
14-8 Clay Sac 71 83 gravel 
31-11 Woodbury Salix 114 128 fine silty clay loam>35% clay  to coarse silt loam 20% clay 
60-1 Polk Sharpsburg   N/A 
69-10 Adair Sharpsburg   N/A 
69-9 Adair Sharpsburg   N/A 
92-2 Taylor Sharpsburg   N/A 
69-11 Adair Shelby   N/A 
69-12 Adair Shelby   N/A 
69-13 Adair Shelby   N/A 
69-14 Adair Shelby   N/A 
69-15 Adair Shelby   N/A 
69-16 Adair Shelby   N/A 
92-3 Taylor Shelby   N/A 
74-3 Keokuk Taintor   N/A 
75-5 Washington Taintor   N/A 
50-1 Tama Tama   N/A 
14-1 Clay Wadena 55 49 clay loam over loamy sand 
14-2 Clay Wadena 65 68 clay loam over gravelly sandy loam 
70-3 Madison Winterset   N/A 
70-4 Madison Winterset   N/A 
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